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ABSTRACT 

The  gamma  radiolysis  of  acidic  ethanol  and  cyclo¬ 
hexane  have  been  investigated  to  determine  effects  of  the 
acid.  The  acid  increased  the  hydrogen  yield  in  both  cases. 

In  liquid  ethanol  the  increased  hydrogen  yield  was  due 
to  two  processes.  One  was  a  competition  reaction  for  the 
solvated  electron  between  the  protonated  ethanol  and  the 
radiolysis  product  acetaldehyde.  The  other  was  due  to  a 
species  "X"  with  a  yield  G(X)  =  0.9  which  did  not  normally 
give  hydrogen,  but  on  the  addition  of  acid  did  give  hydrogen. 

It  can  be  scavenged  by  acetaldehyde. 

In  the  solid  phase  ethanol  there  did  not  appear  to  be 
a  species  "X".  The  increase  on  adding  acid  was  due  to  the 
competition  between  the  acid  and  the  acetaldehyde  for  the 
electron.  The  acid  reacted  with  the  electrons  before  they 
had  been  trapped  while  the  acetaldehyde  reacted  when  the 
sample  was  warmed.  The  trapped  electron  can  be  removed  by 
photolysis  (A>5200A)  at  -196°C  to  yield  hydrogen.  The  trap¬ 
ped  electron  slowly  decays  at  -196°  to  give  hydrogen. 

Hydrogen  atoms  appear  to  be  able  to  abstract  from 
ethanol  or  to  add  to  propylene  at  -196°. 

The  yields  of  the  products  other  than  hydrogen  and 
acetaldehyde  were  not  markedly  affected  by  the  added  acid  in 
the  liquid  or  solid  phases.  The  acid  had  a  more  general  effect 
on  the  radiolysis  processes  in  the  gas  phase. 

The  electron  in  pure  neutral  ethanol  gave  hydrogen  (bulk 
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and  spur )  ,  while  in  cyclohexane  sene  cf  rhe  elecrrens  dc  nee 
appear  no  lead  no  hydrogen  formation. 

In  the  hydrogen  chloride  cyclohexane  sysren  a  hydrogen 
exchange  reaction  between  the  two  compounds  was  me! seed  by 
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I .  INTRODUCTION 

(A)  General 

Radiation  chemistry  is  the  study  of  the  chemical 
effects  produced  by  the  interaction  of  high  energy  radiation 
with  matter. 

The  most  commonly  used  radiation  sources  are  radio¬ 
active  nuclides  (which  emit  a-,  3-,  or  y-  rays)  and  x-ray 
machines.  Various  types  of  accelerators  can  produce  high 
energy  electrons,  protons,  deuterons ,  helium  ions  and  other 
charged  particles. 

The  present  study  was  carried  out  with  88Co  gamma- 
rays.  The  1.3  MeV  gamma-rays  from  ^Co  interact  with  atoms 
of  low  atomic  number  to  give  up  part  of  their  energy  to  form 
energetic  electrons  (Primary  electrons)  with  a  mean  energy  of 
0.6  MeV.  This  process  takes  10  to  10  ^  sec.,  the  time 
for  a  high  energy  particle  to  travel  a  few  molecular  diameters 

(^10  K) . 

A  primary  electron  interacts  with  molecules  of  the 
medium  to  produce  further  ionization  and  excitation,  losing 
energy  with  each  interaction.  The  electrons  set  in  motion  by 
a  primary  electron  are  called  secondary  electrons.  Suffi¬ 
ciently  energetic  secondary  electrons  may,  in  turn,  cause 
more  ionization  and  excitation  of  the  medium.  In  a  condensed 
medium  electrons  having  energies  below  about  100  eV  lose  energy 
very  rapidly  and  form  regions  with  high  concentrations  of  re¬ 
active  species  (spurs) . 

The  energy  absorption  process  is  essentially  complete  in 
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10  sec,  before  any  chemical  reactions  have  occurred. 

-15  —12 

In  the  time  range  10  to  10  seconds  ion  molecule 
reactions  may  occur  within  the  spur  and  radicals  are  formed 
from  the  decomposition  of  excited  species. 

The  complete  dissipation  of  the  spur  by  diffusion 

-7 

processes  requires  about  10  sec.  In  this  time  the  reactive 
species  can  react  with  other  reactive  intermediates,  with 
the  solvent  or  with  reactive  solutes  that  are  present  in 
sufficiently  high  concentration  within  the  spur. 

-7 

After  10  sec  the  reactive  species  have  a  relatively 
homogeneous  distribution  and  can  undergo  reactions  in  the 
bulk  medium  with  either  other  reactive  intermediates  or  reac¬ 
tive  solutes  that  are  present. 

The  yield  of  any  product  formed  in  these  reactions  is 
expressed  as  a  G  value,  which  is  the  number  of  molecules  of 
the  product  produced  for  every  one  hundred  electron  volts  of 
energy  absorbed  by  the  system.  The  yield  of  primary  ions  is 
dependent  on  the  energy  required  to  form  an  ion  pair  (W  value) 
and  will  have  a  value  as  follows; 

G(Ion  pair)  =  ^ ^  4 

w  (eV/ion  pair) 

where  (1)  W(ethanol)  =  25.1 

W (cyclohexane )  =  22.7. 

The  G  value  of  total  decomposition  is  normally  less  than  ten. 

The  reactions  of  these  various  species  will  be  covered 
in  a  detailed  manner  in  the  following  sections.  Whenever 
possible  ethanol  and  cyclohexane  will  be  used  as  examples  since 
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these  compounds  were  used  in  the  present  work. 

(B)  Reactive  Species  in  Radiolysis 
a)  Electrons 

Originally  it  was  thought  that  a  secondary  electron  did 

not  escape  its  parent  ion  in  the  liquid  phase  (2) .  Even  in 

a  highly  polar  solvent  such  as  water  the  electron  was  presumed 

-13 

to  be  recaptured  in  less  than  10  seconds,  giving  an  excited 
molecule.  The  excited  water  molecule  was  thought  to  subse¬ 
quently  dissociate  into  a  hydrogen  atom  and  an  OH  radical. 
Platzman  (3)  suggested  that  the  dielectric  constant  of  the 
medium  would  affect  the  fate  of  the  electron.  He  proposed 
that  in  a  highly  polar  solvent  such  as  water,  the  lifetime  of 
the  electron  would  be  larger  than  the  dielectric  relaxation 
time  of  the  liquid  (^10  "*""*■  seconds)  and  it  would  polarize  the 
surrounding  water  molecules,  allowing  solvation  to  occur. 

It  is  now  well  established  (4)  that  in  neutral  irradi¬ 
ated  water  the  solvated  electron  rather  than  the  hydrogen  atom, 
is  the  primary  reducing  species  (Ge“so]_v  =2.6).  In  pure 
water  the  solvated  electron  is  slowly  converted  by  reaction 
[ U  to  a  hydrogen  atom  ^  1  m  sec.  ref.  5) ,  while 

[1]  e”  solv.  -*  H  +  OH” 

in  an  acidic  solution  the  electron  reacts  by  reaction  [2] . 

[2]  e”  solv.  +  H^O+  H  +  H^O 

The  corresponding  reactions  have  been  suggested  (6)  for 
ethanol 

e”  solv  +  H  +  C2HJ-O” 


[3] 
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[4]  e  solv  -I-  C0B_OH+  +  B  +  n  C„BcOB 

Z  b  Z  2  5 

The  solvated  electron  in  alcohol  was  first  observed  spectros¬ 
copically  in  the  solid  state  by  Bamill  (7)  and  in  the  liquid 
state  by  Dorfman  (8) .  The  electron  is  trapped  in  the  solid 
state  but  in  the  liquid  has  a  half  life  of  approximately  5 
micro  seconds  (9,10,11),  as  determined  by  spectroscopic  and 
chemical  methods. 

The  solvated  electron  in  polar  liquids  can  react  with 
added  electron  scavengers  e.g.  (N20,  B+,  C>2 ,  benzyl  chloride 
or  diphenyl)  (9,10). 

In  the  case  of  ethanol,  a  radiolysis  product,  acet¬ 
aldehyde,  has  been  found  to  act  as  an  electron  scavenger  (11, 
12)  by  reaction  [5] 

[5]  e"  solv  +  CB3CBO  -*  CB3CBO_. 

The  resulting  anion  is  then  neutralized  by  reaction  [6] 

[63  CB-CBCr  +  CoBc0B+  +  CB^CBOB  +  CoBc0B. 

3  2  5  2  3  2  5 

In  the  solid  phase  radiolysis  of  ethanol,  both  carbon  tetra¬ 
chloride  and  diphenyl  have  been  used  as  electron  scavengers 
(7) .  The  electron  trapped  in  the  solid  ethanol  has  a  blue 
colour  which  can  be  destroyed  by  bleaching  with  visible 
light . 

Bamill  (7)  suggested  that  the  bleaching  was  due  to  re¬ 
action  [7] 

[7]  e"  solv+hv  +  B  +  C^o" 
since  on  bleaching  no  photo  electrons  were  observed. 
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Trapped  or  solvated  electrons  have  been  observed  in 
solid  hydrocarbons  (90)  but  not  directly  in  the  liquid 
phase  but  their  presence  has  been  postulated  (13).  In 
liquid  hydrocarbons  it  has  been  found  by  conductance  measure¬ 
ments  that  a  small  percentage  of  the  electrons  escape  recom¬ 
bination  with  their  parent  ions  (G(free  ion)  -  0.1),  (14,15). 

The  electrons  which  normally  recombine  (G(e)  =  2  to  3) 

can  be  scavenged  with  less  than  molar  concentrations  of 
electron  scavengers  (^0,  SF^ ,  CCl^)  ,  (16  -  22). 

Hydrogen  halides  have  been  considered  to  scavenge  electrons* 

produced  in  the  radiolysis  of  hydrocarbons  (22-24) . 

[  8 ] a  HC1  +  e  +  [HC1“] 

[ 8 ]  b  [HC1“]  +  RH+  H  or  H2 

Since  there  is  an  increase  in  hydrogen  yield  on  adding 
hydrogen  halide  to  cyclohexane,  reaction  [8]  is  considered  to 
be  more  efficient  in  producing  hydrogen  atoms  than  the  neutra¬ 
lization  reaction  [9] 

[9]  c~C6H12+  +  e  c_C6H12  *  H  °r  H2 

-*  no  H  or 

The  addition  of  an  electron  scavenger  to  a  solid  hydrocar¬ 
bon  will  lead  to  a  trapped  negative  ion  (26) . 
b)  Positive  Ions 

Primary  ions  are  formed  directly  from  the  interactions 
of  the  radiation  and  the  energetic  electrons  with  the  medium, 
for  example  in  ethanol  and  cyclohexane; 

It  should  be  mentioned  that  Schuler  (25)  considered 
hydrogen  iodide  to  be  a  radical  scavenger  only. 
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[10]  C2H5OH  — A/V— »  C2H5OH+  +  e- 

[11]  c_C6H12  WV"_*  C_C6H12  +  e" 

Some  of  the  ions  are  formed  in  excited  states  which 
subsequently  decompose,  as  illustrated  by  reactions  [12]. 

[12]  (CoHc.0H+)*  +  CH-CHOH+  +  H 

Zb  3 

It  has  been  suggested  (6,11,27)  that  in  polar  compounds  ion 
molecule  reactions  such  as  the  following, 

[13]  CoH[,0H+  +  C^Hj-OH  +  C„HcOH  +  +  CoHc0 

25  25  252  25 

[14]  ■>  CoHc0H  +  +  CH-CHOH 

Z  D  Z  5 

[15]  CH3CHOH+  +  C2H5QH  ■>  C2H5OH2+  +  CH3CHO 

could  precede  the  neutralization  step  in  radiation  chemistry. 
Substantiation  for  these  types  of  reactions  have  come  mainly 
from  mass  spectrometry  (28-30) . 

The  equivalent  proton  transfer  reactions  in  the  higher 
hydrocarbons  have  not  been  observed  in  the  mass  spectrometer 
but  have  been  suggested  in  radiation  chemistry  (31,32). 

Proton  transfer  reactions  have  been  observed  for  only  methane 
and  ethane  (33) . 

D.6]  CH„+  +  CH.  +  CH  +  +CH_ 

4  4  5  o 

1171  C2H6+  +  C2H6  *  C2H7+  +  C2H5 

Protonated  n-hexane  has  been  observed  in  a  mass  spectrometer 
(34)  but  its  origin  was  not  known. 

Ion  reactions  and  yields  have  been  studied  by  the  addition 
of  ion  scavengers  (ND3 ,  C^OD,  D2S,  (16,17,35-37).  These  workers 
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postulate  proton  transfer  reaction  of  the  type 
[is]  c6h12+  +  ND3  -  nd3h+  +  CgH^ 
which  is  followed  by  neutralization 

[19]  (a)  nd3h+  +  e"  -*  ND2H  +  D 

(b)  +  ND3  +  H. 

The  amount  of  ion  scavenging  can  be  deduced  from  the  HD 
yield  obtained  via  hydrogen  atom  abstraction 

[20]  D  +  C6H12  ->  HD  +  C6Hi:l. 

c)  Hydrogen  Atoms 

The  presence  of  H-atoms  in  radiolysis  has  been  postulated 
many  times  on  the  basis  of  product  analysis,  but  the  most  con¬ 
vincing  evidence  is  obtained  by  direct  observation. 

Hydrogen  atoms  can  be  observed  and  identified  by  their 
electron  paramagnetic  resonance  (epr)  spectra.  Hydrogen  atoms 
formed  by  radiolysis  of  pure  ice  are  stable  at  liquid  helium 
temperatures  (-269° ) .  As  the  sample  is  warmed  they  start  to 
disappear  slowly  at  -253°  and  rapidly  at  -220°  (38) . 

Hydrogen  atoms  can  be  stabilized  in  ice  at  -196°  by  the 
addition  of  perchloric,  phosphoric  or  sulphuric  acids  (39) ,  or 
one  of  their  corresponding  alkali  metal  salts  (40)  or  other 
oxyanions  in  their  highest  oxidation  states  (BC>2  ,  SiO^  ) 

(41).  Solutes  reactive  toward  electrons  (N20,  NO^”,  CH^COCH^ 
decrease  the  hydrogen  atom  yields,  indicating  that  electrons 
are  mobile  precursors  of  hydrogen  atoms  (39) . 

In  the  liquid  state  transient  hydrogen  atoms  have  been  * 
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observed  by  epr  in  methane  and  methane  ethane  mixtures  (42). 
They  were  not  observed  in  higher  hydrocarbons. 

Radiolytically  produced  H-atoms  normally  have  a  non- 
detectable  concentration  since  they  can  readily  undergo  ab¬ 
straction  reactions  from  the  solvent.  For  example  in  ethanol; 

[21]  H  +  CoHc0H  H_  +  CH-CHOH 

Z  D  Z  J 

Johnsen  (43)  has  found  that  thermal  H-atoms  thermally  pro¬ 
duced  by  the  method  of  Klein  and  Scheer  did  not  react  with  the 
ethanol  molecule  at  -196°  but  only  with  the  ethanol  radical. 
d)  Radicals 

Radicals  are  formed  by  decomposition  or  reaction  of 
excited  molecules  and  ions  or  from  other  free  radicals.  They 
take  part  in  secondary  reaction  processes. 

The  nature  of  the  radicals  present  in  a  system  during 
radiolysis  can  be  deduced  from  product  analysis  after  irradi¬ 
ation,  assuming  that  the  radicals  may  undergo  combination, 
disproportionation,  abstraction  or  addition  reactions.  In 
ethanol  (6,11),  acetaldehyde  is  the  major  product  formed  by 
disproportionation . 

[22]  2CH3CHOH  +  CH3CHO  +  C^OH. 

The  combination  reaction  product  is  2 , 3-butanediol . 

[23]  2CH3CHOH  ->  (CH3CHOH)2 

This  indicates  that  the  a-radical  (CH3CHOH)  is  the  major 
radical  present.  The  corresponding  disproportionation  and 
combination  products  are  observed  in  methanol  (44-47). 
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Using  pulse  radiolysis  and  spectroscopic  absorption 
techniques  the  decay  of  radicals  has  been  observed  in  liquids 
(48).  The  ultra  violet  absorption  band  in  ethanol  was  attri¬ 
buted  to  the  a-radical  (CH^CHOH) .  Schuler  (42)  has  studied 
the  epr  spectrum  of  radicals  of  non  polar  compounds  using 
pulse  radiolysis  techniques. 

The  epr  spectra  of  radicals  in  liquid  ethanol  have  not 
been  studied  due  to  problems  associated  with  its  polarity. 

In  the  solid  state,  radicals  have  been  observed  by  epr 
but  in  general  the  peaks  are  not  nearly  as  well!  defined  as 
in  the  liquid  and  thus  are  more  difficult  to  analyze.  Tne 
presence  of  an  a-radical  has  been  suggested  in  the  epr  studies 
of  solid  primary  alcohols  (49-51) . 

With  the  advent  of  more  intense  pulsed  radiation  sources 
(Febetron)  the  radical  concentration  can  be  increased  so  that 
the  radicals  can  now  be  detected  by  pulse  techniques  and  their 
decay  observed  in  the  vapor  phase  (52) . 

(C)  Gross  Effects  Observed  in  Radiation  Chemistry, 
a)  Phase 

In  gas  phase  radiolysis  at  normal  pressures 
the  electrons  escape  from  their  parent  ions.  Thus  the  reactive 
species  have  a  relatively  homogeneous  distribution  and  a  negli¬ 
gible  chance  of  undergoing  geminate  recombination.  The  con¬ 
densed  phase  is  roughly  1000  times  more  dense  than  the  gas 
phase.  For  this  reason,  in  the  condensed  phase,  ions  and  exci¬ 
ted  molecules  are  formed  closer  together,  resulting  in  a  non- 
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homogeneous  distribution  of  reactive  species  (spurs) .  The 
higher  concentration  of  reactive  species  in  the  spur  leads 
to  more  reaction  between  the  reactive  species  and  thus  shorter 
lifetimes.  The  close  packing  of  the  molecules  tend  to  keep 
radical  pairs  together  long  enough  for  recombination  to  occur 
(cage  effect)  (53,54).  This  leads  to  a  lower  net  amount  of 
C-C  bond  breaking  in  the  condensed  phase.  Increased  collisional 
deactivation  of  excited  species  in  the  condensed  phase  tends  to 
further  decrease  the  total  amount  of  decomposition. 

Hydroxy  compounds  in  the  condensed  phase  will  have  consi¬ 
derable  amounts  of  hydrogen  bonding  which  will  affect  the 

ethanol 

yield  of  the  radiolysis  products  (54).  In  the  gas  phase/hydrogen 
bonding  does  not  occur,  but  polar  molecules  can  form  clusters 
of  various  sizes  about  ions,  depending  on  the  conditions  of 
pressure  and  temperature  (56-58). 

The  primary  processes  in  the  solid  phase  will  be  similar 
to  those  in  the  liquid  phase.  In  the  solid  phase  some  of  the 
reactive  species  will  be  trapped  and  thus  stabilized  so  that 
they  can  be  observed  after  irradiation.  The  trapped  species  can 
be  decomposed  by  photolysis  at  their  absorption  frequencies  (59, 
60).  Further  information  can  be  obtained  about  the  various 
trapped  species  by  warming  the  samples  slowly  during  epr  analysis. 
The  thermal  decay  temperature  will  depend  on  the  species  trap 
depth. 

b)  Dose  Rate 

2  3 

A  change  in  dose  rate  (intensity)  of  the  order  of  10  and  10 
does  not  normally  change  the  product  yields  in  a  pure  system. 
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[Methanol  (55) ,  cyclohexane  (61) ] .  The  effect  of  dose  rate 
may  become  apparent  in  the  presence  of  a  radiolytically 
produced  or  added  scavenger  (61) .  The  dose  rate  will  also 
affect  the  rate  of  chain  reactions,  which  are  intensity  depen¬ 
dent  to  other  than  the  first  power. 

c)  Total  Dose 

An  increase  in  total  dose  (energy  absorbed)  only  affects 
the  product  yield  if  a  radiolysis  product  acts  as  a  scavenger. 
In  general  the  hydrogen  yield  decreases  with  an  increase  in 
dose,  as  for  example  in  the  radiolysis  of  ethanol  where 
acetaldehyde  acts  as  an  electron  scavenger  (11) .  In  cyclo¬ 
hexane  the  radiolysis  product  cyclohexene  acts  as  a  radical 
scavenger  (61) . 

d)  Temperature 

A  change  in  temperature  will  not  affect  the  primary 
processes  since  the  change  in  thermal  energies  would  be  small 
in  comparison  to  the  energies  of  the  active  species.  Reactions 
of  thermalized  ions  and  radicals  may  show  a  temperature  depen¬ 
dence,  if  effective  competition  reactions  exist,  with  different 
activation  energies. 

In  the  vapor  phase  an  increase  in  temperature  increases 
the  hydrogen  yield  in  both  ethanol  (62)  and  cyclohexane  (63) . 

In  ethanol  the  increase  occurs  between  50°  and  13CPf  and 
Anderson  (64)  has  suggested  that  it  is  due  to  breaking  up  of 
the  clusters  at  higher  temperatures,  which  leads  to  more 
efficient  production  of  hydrogen.  The  effect  of  temperature 
on  cluster  size  has  been  substantiated  in  the  mass  spectrometer 
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for  water  (57).  In  cyclohexane  the  increase  in  hydrogen 
yield  occurs  above  250°  and  is  due  to  radiation  induced 
pyrolysis  (63) . 

A  temperature  effect  has  been  observed  in  liquid  ethanol 
(10)  and  attributed  to  an  excited  molecule  which  at  low  tem¬ 
perature  is  deactivated  and  at  high  temperatures  is  a  hydrogen 
precursor . 

(D )  Radiolysis  of  Acidic  Ethanol 

The  following  reactions,  which  have  been  considered  in  a 
study  of  neutral  ethanol  in  this  laboratory  (11)  have  been 
discussed  in  previous  sections  of  the  introduction 

[10]  C2H5OH  — C2H5OH+  +  e” 

[10]  +  [12]  - CH3CHOH+  +  H  +  e" 


[14] 

C2H5OH+ 

+  CoHc0H 

Z  D 

-  C2H5OH2+  + 

■  CH3CHOH 

[15] 

CH3CHOH 

+  +  CoHc0H 

Z  O 

^  C2H5OH2+ 

+  CH3CHO 

[3] 

esolv 

+  H  +  C0Hc 

O- 

[4] 

esolv  + 

C2H5OH2+ 

■+  H  +  nCoHc0H 

Z  D 

[5] 

e-  ,  + 

solv 

CK3CHO  ■* 

CH3CHO“ 

[6] 

ch3cho“ 

+  C2H5OH2+ 

0 

+  CH3CH0H 

+  CoHc0H 
Z  D 

[22] 

ch3choh 

+  CH3CHOH 

->  CH3CHO  + 

CoHc0H 

Z  3 

[23] 

■>  (CH3CHOH) 

2 

[21] 

H  +  C2H 

5°H  -  H2 

+  CH3CH0H 

i4yron  and  Freeman  (11)  suggested  that  all  the  above  reactions 
occur  in  neutral  ethanol  except  reaction  [4]. 
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Hydrogen  was  the  main  gaseous  radiolysis  product.  The 
approximate  yields  of  three  kinetically  distinguishable 
sources  of  hydrogen  were  found  to  be  G(e”o^v,  ^ree  i°n)  = 
0.9,  G(H)  =  2.7,  and  G (unscavengeable  H2)  =  1.5.  The  zero 
dose  hydrogen  yield  was  found  to  be  G  =  5.0  which  decreased 
with  increasing  dose  due  to  reaction  [5] . 

The  main  liquid  products  were  acetaldehyde  and  2,3- 
butanediol  which  are  formed  mainly  by  reactions  [15,22,23], 
with  some  of  the  unscavengeable  acetaldehyde  formed  by 
reaction  [24] . 

[24]  CH3CH2OH*  -+  CH3CHO  +  H2 

Adams  and  Sedgwick  (12)  have  said  that  reaction  [4] 
occurs  in  acidic  ethanol.  It  is  suggested  that  the  major 
increase  in  hydrogen  yield  on  adding  acid  is  due  to  reaction 

[4]  competing  in  the  spur  with  the  neutralization  reaction 

[25]  for  the  electron. 

[25]  C2H5OH+  +  e"  -*  (C2H5OH)  +  CH3CHOH  +  H 

They  then  postulate  that  the  primary  ions  would  dissociate, 

[26]  C2H5OH+  +  CH3CHOH+  +  H. 

The  H-atom  formed  would  on  abstraction  give  an  increase  in 
total  hydrogen  yield.  It  should  be  noted  that  Myron  and 
Freeman  in  this  laboratory  (11)  have  suggested  that  proton¬ 
ation  (reaction  14)  preceeds  neutralization.  This  would 
rule  out  reaction  [26]  as  a  contributor  to  the  increase  in 
hydrogen  yield. 


■ 


' :  •-  » 


-14- 


(E)  Radiolysis  of  Hydrogen  Halide  -  Cyclohexane  Solutions. 


The  yield  of  hydrogen  from  cyclohexane  increases  by  about 
1  G  unit  on  the  addition  of  hydrogen  halides.  It  has  been 
suggested  (22,23)  that  the  increase  arises  from  a  competition 
between 


[9] 

[27] 

[28] 


CcH, „+  +  e“ 
6  12 

HX  +  e” 

X“  +  C,.H^0 
6  12 


-> 


-> 


C  H  *  ^  A 
^  no 

H  +  X 


or  H 
H2  or  H 


no  H^ 


Electron  capture  by  HX  produces  H-atoms  with  a  greater 
efficiency  than  the  neutralization  of  the  cyclohexane  ion. 

Horner  and  Swallow  (24)  suggest  that  the  increase  is  not 
due  to  reaction  [27]  since  the  rate  constants  make  it  non¬ 
competitive  for  electron  capture.  They  suggest  the  simplest 
reaction  scheme  might  be 


* 


[29] 

C6H12 

-  C6H12 

[30] 

C6H12* 

+  HC1  ->■  C^H,  .  Cl  +  H 

D  11 

[31] 

C6H12* 

C6H8  +  2H2  . 

(F)  Present  Study 


The  enhancement  of  the  yield  of  radiolytic  hydrogen  by 
the  addition  of  mineral  acids  to  alcohols  and  alkanes  is  not 
well  understood.  It  is  most  widely  assumed  that  the  effect 
is  due  to  ionic  reactions,  which  would  be  expected  to  be 
dependent  on  the  polarity  of  the  solvent.  However,  the  magni¬ 
tude  of  the  effect  is  nearly  the  same  in  both  alcohols,  which 
are  polar,  and  alkanes,  which  are  non  polar. 
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The  present  research  project  was  undertaken  to  study 
this  effect  further,,  A  study  was  made  of  the  effects  of 
sulphuric  and  hydrochloric  acids  on  the  radiolysis  of 
ethanol  and  of  hydrochloric  acid  on  the  radiolysis  of  cyclo¬ 
hexane.  In  ethanol  the  liquid  and  the  vapor  phases  were 
studied  to  determine  the  relative  effect  of  the  protonated 
alcohol  and  the  unionized  hydrogen  chloride  respectively. 

The  solid  phase  was  studied  in  order  to  observe  and  study 
trapped  hydrogen  precursors. 
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EXPERIMENTAL 

(A)  Materials 

a)  Ethanol 

Benzene-free  absolute  ethanol  from  Reliance  Chemical 
Company  was  used.  The  specifications  quoted  were: 

Ethanol  by  volume  >  99 „ 9% 

Water  content  <  0.1% 

Non-volatile  matter  (g/lt)  <  0.025 

Benzene  (g/lt)  <  0.007. 

Traces  of  acetaldehyde  were  removed  by  refluxing  2  It.  of 
ethanol  for  2  hours  in  an  oxygen  free  nitrogen  atmosphere 
with  3  g  of  2 , 4-dinitrophenylhydrazine  and  2  ml  of  concen¬ 
trated  sulphuric  acid.  The  middle  fraction  (1  It)  of  the 
distillate  was  refluxed  for  2  hours  in  an  oxygen  and 
moisture  free  nitrogen  atmosphere,  with  6  g  sodium  and 
26  g  diethyl  phthalate,  to  remove  the  water.  The  middle 
fraction  of  the  distillate  was  immediately  degassed  and  dis¬ 
tilled  into  the  storage  reservoir. 

The  ethanol-OD  was  used  as  received  from  Merck  Sharpe 
and  Dohme.  NMR  analysis  indicated  that  the  molar  isotopic 
purity  was  >  99.8%  in  OD. 

b)  Benzene 

Phillips  Research  grade  benzene  was  used  as  received. 

c)  1 , 3-Pentadiene 

The  pentadiene  was  obtained  from  Columbia  Organic 
Chemicals.  The  middle  fraction  from  a  vacuum  distillation 


at  -170°C  was  used. 
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d)  Cyclohexane 

Eastman  Spectrograde  cyclohexane  and  Phillips  Research 
grade  cyclohexane  treated  with  sulphuric  acid  to  remove 
olefins  were  both  used.  The  cyclohexane  was  saturated  with 
D^O  then  dried  in  vacuum  with  P2°5  which  had  been  transferred 
in  a  dry  atmosphere.  Merck  Sharpe  and  Dohme  deuterated 
cyclo-hexane  was  used  partly  as  received  and  partly  after  gas 
chromatographic  (gc)  purification  on  a  6  m  Ortho  tricresyl 
phosphate  column  then  on  a  4  m  silica  gel  column. 

e)  Deuterium  iodide 

The  DI  was  prepared  by  heating  deuterium  and  iodine  with 
a  platinum  oxide  powder  catalyst.  The  reaction  vessel  was 
previously  equilibrated  with  D^O  and  evacuated. 

f)  General 

Other  deuterated  compounds  were  used  as  received  from 
Merck  Sharpe  and  Dohme;  for  example;  DC1,  D2S04,  ND^ ,  D2S, 

C3D6  * 

The  doubly  distilled  water  was  first  distilled  from 
alkaline  potassium  permanganate. 

Matheson  hydrogen  chloride  and  chlorine  were  fraction¬ 
ated  in  a  vacuum  before  use. 

Baker  Reagent  Grade  sulphuric  acid  was  used  from  a 
freshly  opened  bottle. 

Phillips  Research  Grade  propylene  was  used  as  received. 
(B)  Procedures  and  Techniques. 
a)  Sample  preparation 


The  cells  were  cleaned  with  hot  sulpho-nitric  acid  which 
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was  rinsed  out  with  doubly  distilled  water.  To  insure 
complete  rinsing,  the  distilled  water  was  added  through  a 
tube  which  went  to  the  bottom  of  the  cell.  The  cells  were 
put  on  the  vacuum  system,  then  pumped  out  and  heated  to 
450°C  with  a  furnace  until  no  further  degassing  was  observed. 
While  still  hot,  the  surface  was  sparked  with  a  tesla  coil 
to  remove  last  traces  of  volatile  material. 

Into  sample  cells  that  were  to  contain  deuterated  acid, 
approximately  0.1  ml  of  D20  was  distilled  and  left  for  24 
hours  to  exchange  with  the  H2<D  on  the  walls.  The  D20  was 
pumped  out  and  the  cell  degassed  as  above. 

The  cells  that  were  to  contain  sulphuric  acid  were 
filled  with  dry  nitrogen  after  degassing,  then  removed  from 
the  vacuum  line.  The  cells  were  weighed  and  the  acid  added 
with  a  long  needle  syringe  which  put  the  drop  of  acid  at 
the  bottom  of  the  cell,  so  the  acid  would  not  absorb  moisture. 
The  cell  was  reweighed  to  determine  the  weight  of  acid,  and 
was  put  onto  the  sample  filling  line  (Fig.  Il-i) .  The  acid 
was  frozen  with  liquid  nitrogen,  then  degassed  by  successive 
pump-thaw-freeze-pump  cycles.  The  ethanol  was  previously 
degassed  in  container  B,  distilled  into  the  calibrated  volume 
D,  and  then  into  the  sample  cell.  The  sample  was  degassed 
again,  then  sealed  off  as  illustrated  in  Figs.  II-2  and 
II-3 .  Cells  which  did  not  contain  sulphuric  acid  were  de¬ 
gassed  directly  on  the  sample  filling  line.  The  samples  were 
stored  in  the  freezer  before  and  after  irradiation  until  the 
analyses  were  complete.  Temperature  of  irradiation  of  liquid 
phase  samples  was  25°  and  vapor  phase  samples  105°. 
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Figure  II-l 
SAMPLE  FILLING  LINE 

A:  Reservoir  for  liquids  other  than  ethanol 

B:  Ethanol  reservoir 

C:  Hydrogen  Chloride  gas  reservoir 

D:  Calibrated  tube  for  liquids 

E:  Calibrated  volume  for  gases 

F:  Mercury  manometer 


SAMPLE  FILLING  LINE 
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Figure  II-2 

LIQUID  PHASE  SAMPLE  CELL  AND  CELL-BREAKER 


10/30  I  WITH 
f EXTENDED 
TUBE 
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FILLING 


r  a 


LIQUID  PHASE 
SAMPLE  CELL 


Figure  II-3 


GAS  PHASE  SAMPLE  CELL  AND  CELL-BREAKER 


GAS  SAMPLE  BREAKER 


GAS  PHASE  SAMPLE  BULB 
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The  solid  samples  were  prepared  by  cooling  the  liquid 
to  slightly  above  its  freezing  point,  then  freezing  it  quickly 
with  liquid  nitrogen  to  produce  a  homogeneous  glassy  solid 
solution.  All  solid  samples  were  irradiated  at  liquid  nitrogen 
temperatures . 

Some  irradiated  solid  samples  were  photolysed  in  a  Pyrex 
Dewar  flask  that  had  been  fitted  with  a  Corning  CS.  3-69 
sharp  cut  off  filter  which  passed  light  of  wavelength  greater 

o 

than  5200  A.  A  high  intensity  xenon  light  source  was  used. 

The  high  dose  samples  were  in  quartz  cells  because  Pyrex 
becomes  deeply  colored  when  exposed  to  a  large  dose  of  radi¬ 
ation  and  would  have  absorbed  much  of  the  light. 

Special  precautions  were  taken  to  ensure  that  all  solid 
samples  were  stored  and  warmed  in  absolute  darkness. 

When  acidic  cyclohexane  was  irradiated,  the  vapor  space 
in  the  cells  was  kept  to  less  than  10  per  cent  of  the  total 
cell  volume  so  that  most  of  the  hydrogen  chloride  would  be  in 
the  liquid  solution.  The  high  acid  concentration  samples 
were  contained  in  heavy  wall  tubes,  to  prevent  breakage  by 
hydrogen  chloride  gas  pressure. 

b)  Sample  irradiation 

0 

Two  Co  gamma  ray  sources  were  used.  The  Gammacell-220 

0 

contained  12,000  curies  of  Co  and  gave  a  dose  rate  of 

5xl019  eV/g-hr.  The  other  source  was  of  the  cave  type  in 

16  18 

which  various  positions  gave  dose  rates  from  10  to  10 
eV/g-hr . 

Fricke  dosimetry  (65)  was  used  for  liquid  and  solid 
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samples.  The  dosimetry  solution  was  ImM  Fe  (NH.)  (SO.)  . 6H  0 

and  ImM  NaCl  in  0.8N  I^SO^.  Dosimetry  calculations  were 

based  on  the  value  G(Fe+++)  =  15.6,  e (Fe+++)  at  304  my  = 

2201  It  mol§  cm  ^  at  25°C  and  a  temperature  coefficient  of 
+++ 

e (Fe  )  of  0 . 7%/°C . 

The  dose  rate  (D.R.)  of  ethanol  samples  in  a  liquid 
nitrogen  bath  was  calculated  from  the  dose  rate  in  air,  cor¬ 
rected  for  absorption  by  the  bath.  The  correction  was  made 
as  follows: 


(D.R. ) 
=  (D  .  R.  ) 


liq . 
air 


N. 


=  (D.R.) 


air 


-  (D.R.) 


absorbed  by  liquid 


-  [<D.R.)H  o  -  <D.R.)air] 


5N2 


h2o 


fN2  . 

where  J  H  Q  is  the  ratio  of  the  electron  densities  of  nitrogen 
and  water. 

Ethylene  (66)  was  used  for  a  gas  phase  dosimeter,  with 
Gtl^)  =  1.28.  The  standard  technique  for  the  analysis  of  non¬ 
condensible  gases  was  found  to  prevent  any  carry-over  of 
ethylene . 

The  dose  rates  were  continuously  corrected  for  the  radio- 
6  0 

active  decay  of  Co  (tx  =  5.27  years). 
c)  Analysis  of  gas  products 

The  gas  analysis  was  done  in  the  Analysis  Line  (Fig.  11-4) . 
The  samples  were  placed  in  the  breakers  illustrated  in  Figs. 

II-2  and  II-3.  After  the  system  was  completely  evacuated  the 
sample  was  frozen.  Ethanol  slush  was  placed  on  the  first  trap, 
liquid  nitrogen  was  placed  on  the  outside  of  the  second  trap 
and  liquid  air  on  the  inside  of  the  second  trap  was  pumped  on 
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Figure  II-4 
GAS  ANALYSIS  MANIFOLD 


GAS  ANALYSIS  MANIFOLD 


. 
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to  obtain  a  temperature  of  approx.  -220°C.  The  sample  cell 
was  broken,  and  the  ethanol  allowed  to  warm  slowly  and  distill 
into  the  first  trap,  then  the  second  trap.  This  technique 
separated  all  the  hydrogen,  carbon  monoxide,  and  methane  from 
the  sample  without  allowing  any  ethylene  to  be  carried  over. 
The  non -condensibles  were  collected  in  the  Toepler  McLeod 
Gauge  and  the  number  of  moles  of  gas  measured  in  the  Gas 
Sampler  shown  in  Fig.  II-5.  For  deuterated  samples  the  gas 
was  transferred  through  stopcock  C  to  the  sample  tube  for 
mass  spectrometric  analysis.  Other  samples  were  transferred 
through  stopcocks  E  and  F  for  gas  chromatograph  analysis. 

A  molecular  sieve  gc  column  was  used  to  analyze  the 
-196°  fraction  so  that  oxygen  and  nitrogen  were  separated 
from  each  other,  and  from  hydrogen,  methane  and  carbon  mon¬ 
oxide.  Normally  the  amount  of  nitrogen  and  oxygen  was  negli¬ 
gible.  When  peaks  were  observed  it  could  be  proven  from  the 
nitrogen  to  oxygen  ratio  (4.5  to  1)  that  the  trace  of  air  had 
leaked  in  during  analysis  and  could  be  corrected  for.  If  it 
had  been  in  the  sample  before  irradiation  the  oxygen  would 
have  been  consumed  during  irradiation. 

The  second  gas  fraction  (C2  and  hydrocarbons)  was 
collected  by  distillation  through  traps  at  -127°  (methyl 
cyclohexane  slush) .  It  was  then  analyzed  by  gc  on  a  silica 
gel  column.  When  deuterated  samples  were  used  the  component 
compounds  from  the  gas  chromatograph  were  collected  separately 
in  a  collector  (Fig.  II-6) .  The  samples  were  then  transferred 
to  mass  spectrometer  tubes  for  analysis. 


Figure  II-5 
GAS  SAMPLER 


A:  Mercury  reservoir 

B:  Greaseless  valve  with  Viton  A  seat 

C:  Greaseless  valve  with  teflon  plug  and  mercury  seal 
D:  Standard  joint  with  mercury  seal 
E:  Stopcock  for  sample  evacuation 
F:  Stopcock  to  chromatograph 
G:  Mercury  float  valve 


TO  CHROMATOGRAPH 


GAS  SAMPLER 
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Figure  II-6 
GAS  PRODUCT  TRAP 


GAS  PRODUCT  TRAP 
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The  gases  were  analyzed  using  a  Beckman  Thermatrac  C 
with  dual  columns  and  a  Gow  Mac  Detector  with  W-2  filaments 
run  at  300  ma  and  40°C.  By  using  dual  columns  a  fast  tempera¬ 
ture  program  could  be  used  without  appreciable  baseline  shift. 

The  following  techniques  were  used  to  allow  more  efficient 
analysis.  The  diffusion  pump  in  the  analysis  line  reduced  the 
number  of  times  a  sample  had  to  be  transferred  back  and  forth 
to  remove  all  the  gas.  With  the  diffusion  pump,  evacuated 
liquid  air  (-220°C)  was  used  to  ensure  that  no  ethylene  came 
over  in  the  first  fraction,  since  ethylene  was  retained  irre¬ 
versibly  on  the  molecular  sieve  column  and  therefore  would  not 
be  measured.  In  the  gas  sampler  (Fig.  II-5) ,  valves  B  and  C 
were  greaseless,  so  that  at  no  time  did  the  mercury  come  close 
to  grease,  which  in  turn  would  cause  sticking  of  the  mercury 
in  the  capillary  tubing  during  volume  measurement.  The  gas 
sampler  was  designed  to  prevent  contact  of  the  sample  with 
grease  during  collection,  and  thus  prevent  absorption  in  the 
grease,  so  that  the  complete  sample  was  chromatographed.  For 
calibration  of  low  G  value  components,  hydrogen  carrier  gas 
was  added  to  prevent  loss  of  the  calibration  gas.  All  gases 
were  calibrated  in  the  range  of  actual  sample  concentration. 

As  a  double  check  on  the  analysis  system  unirradiated  samples 
were  run. 

d)  Analysis  of  liquid  products 

Gas  chromatographic  analysis  was  done  on  a  Beckman 
Thermatrac  C  with  dual  columns  and  a  Gow  Mac  thermal  conduc¬ 
tivity  detector  with  W-2  filaments.  Of  the  various  solid 
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supports  tried,  Fluoropak  80  was  found  to  be  the  best. 

Fluoropak  80  was  easy  to  pack  into  the  columns  and  gave 
little  tailing  of  the  polar  compounds.  Good  peak  shape  was 
obtained  with  5  wt.per  cent  of  liquid  phase  on  Fluoropak  80. 

Acetaldehyde  was  converted  to  acetal  by  adding  a  trace 
of  acid  to  the  irradiated  ethanol  (67) .  The  acetal  was  then 
analyzed  by  gc  using  Theed  or  di-n-decyl  phthalate  as  liquid 
phase  on  Fluoropak  80.  This  method  was  found  to  be  quantita¬ 
tive  when  checked  against  results  from  polarographic  analysis 
of  the  acetaldehyde  in  standard  samples.  Analysis  of  acidic 
samples  caused  the  gc  column  packing  to  deteriorate  and 
thereby  require  replacement. 

Butanediol  was  analyzed  by  gc  using  a  di-n-decyl  phthal¬ 
ate  column,  or  chemically  by  periodate  reduction  (6). 
Reproducibility  with  the  chemical  method  was  ±15  per  cent 
while  gc  gave  ±3  per  cent.  The  butanediol  could  not  be  analyzed 
by  gc  in  acidic  samples  since  it  was  decomposed  on  the  column. 
e)  Cyclohexane  hydrogen  chloride  exchange  reaction 

The  exchange  was  followed  by  Nuclear  Magnetic  Resonance 
(nmr)  spectroscopic  observation  of  the  build-up  or  loss  of 
hydrogen  chloride.  In  order  to  obtain  the  sensitivity  required 
the  "Varian  H.R.  100"  was  used.  Thin  wall  nmr  tubes  were  used 
for  low  concentration  samples  to  increase  the  sensitivity  to 
better  than  0.01  molar  hydrogen  chloride. 

The  concentration  of  hydrogen  chloride  was  determined  by 
continuous  comparison  with  standard  samples  so  that  any  drift 
could  be  corrected  for.  The  samples  were  analyzed  before 
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irradiation  to  ensure  that  the  deuterium  chloride  had  not 
exchanged,  while  the  samples  were  being  made  up,  to  form 
any  hydrogen  chloride.  They  were  then  alternately  irradiated 
and  analyzed  until  the  sample  was  completely  exchanged. 
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III.  RESULTS 

(A)  Liquid  Acidic  Ethanol 

Hydrogen  and  acetaldehyde  are  the  only  products  whose 

yields  are  markedly  affected  by  the  addition  of  acid  (Fig. 

III-l  and  5,  Table  III-l) .  Fig.  III-l  shows  that  at  a  high 
20 

dose  (1x10  eV/g)  the  hydrogen  yield  is  increased  from  4.2 
to  5.9  while  the  acetaldehyde  yield  is  increased  from  2.0  to 
approximately  3.7.  The  increases  in  the  acetaldehyde  and 
hydrogen  yields  are  equal.  At  lower  total  dose  the  hydrogen 
yield  increases  in  neutral  ethanol  to  5.0.  Myron  and  Freeman 
(11)  have  suggested  a  corresponding  increase  in  acetaldehyde 
which  wouldkeep  AG(H2)=  AGtCH^CHO).  Acetaldehyde  could  not 
be  measured  at  a  low  dose  to  substantiate  this. 

The  results  in  Fig.  III-2  and  Table  III-II  show  that  as 
the  dose  is  decreased  a  lower  concentration  of  acid  is  needed 
to  reach  the  plateau  value  which  remains  constant  at  G(H2)  = 

5.9.  In  Fig.  III-3  and  Table  III-II  the  yield  of  hydrogen  is 
shown  to  increase  as  the  dose  rate  is  decreased  at  a  given 
dose  and  given  low  acid  concentration.  At  very  high  acid 
concentrations  (Fig.  III-4,  Table  III-III)  the  yield  of 
hydrogen  increases  due  to  the  direct  radiolysis  of  hydrogen 
chloride,  independent  of  dose. 

The  dose  and  dose  rate  dependence  at  low  acid  concentrations 
indicated  that  the  initial  yield  of  hydrogen  in  very  pure 
ethanol  might  be  higher  than  5.0.  The  following  different 
methods  of  purification  of  the  ethanol  were  tried  but  none  gave 
any  significant  difference  in  hydrogen  yield  even  at  low  dose. 


-32- 


> 

Figure  III-l 

HYDROGEN  AND  ACETALDEHYDE  YIELDS  AS  A  FUNCTION  OF  ACID 
CONCENTRATION  IN  LIQUID  ETHANOL 

19 

Dose  rate:  4.2  x  10  eV/g  hr 


Dose : 

O  1  x  1020  eV/g  (H2S04) 
□  1  x  1020  eV/g  (HCl ) 
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A  7  x  10  eV/g  (H2S04) 
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Figure  III-2 

HYDROGEN  YIELD  AS  A  FUNCTION  OF  DOSE  AND  ACID 
CONCENTRATION  IN  LIQUID  ETHANOL 

19 

Dose  rate:  4.2  x  10  eV/g  hr 

Dose:  7.4  x  10^  eV/g 

V(b)  V  x  1018  eV/g 

0(c)  1  x  1020  eV/g 

The  curves  drawn  are  calculated  curves  (see  text) . 
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TABLE  III-II 

HYDROGEN  YIELDS  IN  LIQUID  ACIDIC  ETHANOL 


Dose 


lxlO20 

eV/g 

7x10 

18 

eV/g 

17 

7.4x10  7 

eV/g 

Dose 

rate 

[Acid]  M 

g(h2) 

[Acid] 

M 

g(h2) 

[Acid]  M 

g(h2) 

2.94xl0"6 

4.58 

1.04x10" 

5 

5.23 

l.OxlO"6 

5.48 

1.13xl0"5 

4.64 

1.16x10" 

5 

5.43 

3.  xlO-6 

5.52 

1. 22xl0"5 

4.74 

1.24x10" 

5 

5.42 

9.  xlO"6 

5.57 

2 . 10xl0“5 

4.87 

6.97x10" 

5 

5.76 

9.6xl0"6 

5.68 

2 . 84xl0~5 

4.97 

7.4  xlO" 

5 

5.72 

6 . 2xl0-5 

5.74 

3.4  xlO"5 

5.23 

1.07x10" 

4 

5.51 

3 . 2xl0_4 

5.84 

4.22 

xlO19 

4.13xl0"5 

6.86xl0"5 

5.27 

5.32 

5.13x10" 

4 

5.92 

9 . 2xl0"4 

5.85 

<$J/ g  hr 

7.6  xlO"5 

5.39 

8.4  xlO-5 

5.32 

1. 68xl0"4 

5.55 

4.8  xlO"4 

5.51 

8.9  xlO-6 

4.90 

9.0  xl0~6 

5.67 

2.24 

3 . 28xl0"5 

6.53 

9.0  xlO"6 

5.82 

xlO18 

3 . 72xl0-3 

5.88 

3 . 3  6xl0-5 

5.88 

<57/ g  hr 

1. 03xl0"4 

5.73 

—  6 

5.87 

4.2X 

9.0  xlO 

1016 

8.7  xlO-6 

5.41* 

1 . 13xl0“4 

5.90 

_  -2 

5.89 

eV/g  hr 

1.06x10 

*  1  Q 

1.4x10  eV/g 
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Figure  III-3 

HYDROGEN  YIELD  AS  A  FUNCTION  OF  DOSE  RATE  AND  ACID 
CONCENTRATION  IN  LIQUID  ETHANOL 

A:  Dose:  7.4  x  10^eV/g 

B:  Dose:  O  1.4  x  10^  eV/g 

V  O  1  x  10^  eV/g 


{ a ) 

Dose  rate :  □ 

4.2 

X 

1016 

eV/g 

hr 

v(b) 

2.2 

X 

io18 

eV/g 

hr 

o(c) 

4.2 

X 

io19 

eV/g 

hr 

The  curves  drawn  are  calculated  curves  (see  text). 
In  A ,  caluclated  curves  b  and  c  are  within  0.01 


G  units. 


-37- 


Figure  III-4 

HYDROGEN  YIELD  AS  A  FUNCTION  OF  HYDROGEN 
CHLORIDE  CONCENTRATION  IN  LIQUID  ETHANOL 

2  0  ^  x 

Dose:  O  lx  10  eV/g  ethanol 

A  7  x  1017  eV/g  ethanol 

o  n 

D  3  Mole  %  water  added  (1  x  10  eV/g) 
20  Electron  %  ~  26.5  mole  % 


5.1  Molar 


0 
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TABLE  III-III 

HYDROGEN  YIELD  AS  A  FUNCTION  OF  HYDROGEN 


CHLORIDE  CONCENTRATION 

Concentration 
(electron  %) 

0.10 

0.12* 

0.86 

1.12 

2.73 

2.86 

2.88** 

3.48 

5.54 

6.60 

11.5* 

15.9 

16.4** 

17.2 

Dose:  Normally  1 

*  7 

**3  Mole  %  water 


IN  LIQUID  ETHANOL 

g(h2 

5.90 
5.85 
6.04 
5.92 
6.08 
6.12 
6.22 
6.12 

6.15 

6.16 
5.95 
5.98 
6.01 
6.14 

x  10^0  eV/g  ethanol 
x  1017  eV/g  ethanol 
added 


i  2.2 


'tm  i  .01.0 


- 
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(i)  Ion  exchange 

Conductance  measurements  indicated  that  the  usual 

.  •  -5 

purified  ethanol  had  an  ion  concentration  between  10  and 

10  ^  molar  which  is  comparable  to  the  acid  concentration 

required  to  show  an  effect.  The  ion  concentration  was  re- 

-7 

duced  to  less  than  10  molar  by  continuous  circulation 
through  an  ion  exchange  bed,  while  at  the  same  time  dried 
with  a  molecular  sieve  column  using  the  method  of  Briere 
(68)  and  Felici  (69). 

(ii)  Further  acid-base  treatment  in  vacuum 

The  acetaldehyde  free  and  dry  ethanol  was  further  treat¬ 
ed  in  vacuum  by  the  addition  of  sulphuric  acid  to  remove  any 
possible  trace  of  acetaldehyde  by  acid  catalysis.  The  middle 
third  of  the  vacuum  distillate  was  treated  with  sodium  to 
remove  any  trace  of  acid.  The  middle  third  of  this  fraction 
was  used  for  low  dose  samples. 

(iii)  Complete  treatment  in  vacuum 

The  benzene  free  absolute  ethanol  was  treated  with  the 
standard  purification  procedure  (Section  II,  page  16 )  except 
that  all  steps  were  carried  out  in  a  vacuum  apparatus. 

The  yield  of  the  gaseous  products  other  than  hydrogen 
are  shown  in  Figs.  III-5  and  6  and  Table  III— I.  No  decrease 
in  ethane  similar  to  that  found  by  Adams  and  Sedgewick  (12) 
was  observed.  The  yield  of  acetylene,  although  small,  was 
decreased  by  the  addition  of  acid  (Fig.  III-6) . 

The  yield  of  2 , 3-butanediol  showed  no  change  on  the 
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Figure  III-5 

VARIOUS  GASEOUS  PRODUCT  YIELDS  AS  A  FUNCTION  OF 
ACID  CONCENTRATION  IN  LIQUID  ETHANOL 

Dose: A  7  x  1018  eV/g 

DoserO  1  x  10^8  eV/g 

A:  Methane 

B:  Carbon  monoxide 

C:  Ethane 

D:  Ethylene 

E:  Propane 


G  (product) 
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Figure  III-6 

ACETYLENE  YIELD  AS  A  FUNCTION  OF  ACID 
CONCENTRATION  IN  LIQUID  ETHANOL 

A  0.0246  electron  fraction  1 , 3-pentadiene 

a  0.0457  electron  fraction  benzene 

O  Uninhibited  ethanol  (1  x  10^  eV/g) 

1  o 

#  Uninhibited  ethanol  (7  x  10  eV/g) 


HO) 


20 


40 


60 


80 


100 


[ACID]  mM 
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addition  of  acid  within  experimental  error  (G  =  2.2±0.3) 
in  the  acidic  solutions.  Since  the  glycol  yield  was 
constant  and  the  analysis  in  acidic  solutions  was  difficult 
(Section  II,  page  29)  all  samples  were  not  analyzed  for  the 
butanediol . 

(B)  Inhibited  Liquid  Acidic  Ethanol 

Benzene  and  1 , 3-pentadiene  were  added  as  inhibitors, 
since  they  were  used  in  a  previous  study  of  neutral  ethanol 
in  this  laboratory  (11) .  Since  benzene  is  a  less  efficient 
inhibitor,  the  concentration  of  benzene  used  was  double  that 
of  pentadiene.  At  given  concentrations  of  additive,  the 
hydrogen  and  acetaldehyde  yields  are  increased  by  the  addition 
of  acid  (Fig.  III-7,  Table  III-IV) .  The  addition  of  acid  does 
not  appreciably  change  the  yields  of  the  other  gaseous  products 
(Figs.  III-6  and  8,  Table  III-IV). 

(C)  Vapor  Phase  Ethanol  Hydrogen  Chloride  Mixtures 

The  yields  of  hydrogen  and  acetaldehyde  obtained  on  the 

addition  of  hydrogen  chloride  to  ethanol  vapor  are  shown  in 

Fig.  III-9  and  Table  III-V.  The  products  which  have  yields 

independent  of  acid  concentration  are  given  in  Table  III-VI 
and  those  which  change  in  Fig.  III-10. 


TABLE  III-VI 


Products  with  Yields  Independent  of  Acid  Concentration 


Product 


G 


CH 


4 


3.07 


CO 


0.66 


0.30 
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Figure  III-7 

HYDROGEN  AND  ACETALDEHYDE  YIELDS  AS  A  FUNCTION  OF  ACID 
CONCENTRATION  IN  LIQUID  ETHANOL  WITH  ADDED  INHIBITOR 

A  0.0246  electron  fraction  1 , 3-pentadiene 

0.0457  electron  fraction  bensene 

Dose:  1  x  10^0  eV/g 


O 


G  (CH3CHO)  G  (H2) 


[ACID]  mM 


o 


o 


L 


■  m 


7c 


a  of  os 
Mm  [aiOAj 


—  - 


O 


Mm  [TO  A] 


o 


*•  Jmm 

o 

1 

rr 

o 


l 


-44- 


o 

a 

O 

00 

cn 

O 

K 

o 

in 

in 

H- 

CTl 

in 

U 

• 

• 

• 

• 

• 

• 

• 

a 

a 

u 

CN 

CN 

CN 

CN 

l — 1 

CN 

CN 

CN 

a 

a 

a 

CN 

o 

a 

i — i 

a 

a 

CN 

i — i 

a 

a 

o 

o 

o 

O 

U 

o 

i — I 

pH 

i — i 

CN 

CN 

i — I 

EH 

• 

o 

O 

o 

O 

o 

o 

H 

o 

• 

• 

• 

• 

• 

• 

m 

o 

o 

o 

o 

o 

o 

H 

a 

s 

H 

00 

a 

CO 

a 

CN 

a 

a 

1 — 1 

a 

o 

o 

o 

o 

o 

i — i 

1 — 1 

Q 

CO 

i — i 

1 — 1 

i — i 

1 — 1 

i — i 

i — i 

1 — 1 

W 

U 

o 

o 

o 

o 

o 

o 

o 

Q 

• 

• 

• 

• 

• 

• 

• 

Q 

o 

o 

o 

o 

o 

o 

o 

C 

a 

Eh 

H 

CN 

1 — 1 

a 

5 

a 

CN 

1 — 1 

rH 

a 

•^r 

CO 

a 

CN 

i — 1 

1 — 1 

i — 1 

a 

i — i 

1 — 1 

i — i 

a 

u 

• 

• 

• 

• 

• 

• 

• 

o 

o 

o 

o 

o 

o 

o 

o 

a 

c 

a  o 

Eh 

a 

> 

CO 

CO 

a 

CT> 

00 

a 

r-> 

H 

u 

a 

<y\ 

00 

r'- 

00 

00 

CO 

1 

H 

CN 

a 

i — I 

i — 1 

a 

o 

o 

o 

H 

Q 

U 

• 

§ 

• 

• 

• 

• 

0 

H 

H 

o 

o 

o 

o 

o 

o 

o 

H 

U 

< 

CD 

i — 1 

a 

a 

A 

a 

a 

o 

o 

a\ 

CN 

a 

n3 

C 

o 

a 

a 

a 

a 

a 

a 

Eh 

a 

u 

o 

o 

o 

o 

o 

o 

1 

a 

• 

• 

• 

• 

• 

• 

o 

o 

o 

o 

o 

o 

Q 

H 

a 

a 

H 

a 

o 

00 

a 

CN 

a 

CN 

o 

i — l 

o 

a 

a 

a 

a 

a 

a 

a 

CN 

CN 

1 

g 

u 

• 

• 

• 

• 

• 

0 

o 

o 

o 

o 

o 

o 

O 

a 

a 

a 

Q 

00 

00 

Ol 

a 

o 

a 

a 

a 

CN 

H 

a 

a 

CN 

a 

a 

a 

a 

• 

• 

• 

• 

• 

0 

0 

H 

CO 

a 

rH 

rH 

rH 

>H 

EH 

u 

a 

o 

CO 

a 

a 

o 

a 

a 

•H  g 

• 

• 

# 

• 

• 

0 

0 

Q 

O  E 

o 

in 

o 

a 

o 

a 

o 

o 

C 

rH 

co 

r- 

a 

o 

a 

a 

a 

CD 

g 

g  g 

G 

0 

0  0 

CD 

a 

G  -H 

Q) 

•H 

•pH 

a  a 

G 

a 

a  o 

a 

0) 

a 

rtf 

■rH 

CD  rtf 

a 

N 

CN 

-P 

o 

G 

o 

G 

C5 

a)  a 

• 

<u 

• 

a) 

H 

o  a 

o 

D4 

-45- 


Figure  III-8 

VARIOUS  GASEOUS  PRODUCT  YIELDS  AS  A  FUNCTION  OF  ACID 
CONCENTRATION  IN  LIQUID  ETHANOL  WITH  ADDED  INHIBITOR 

A  0.0246  electron  fraction  1,3  pentadiene 

O  0.0457  electron  fraction  benzene 

A:  Methane 

B:  Carbon  monoxide 

C:  Ethane 

D.  Ethylene 

E:  Propane 
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Figure  III-9 


HYDROGEN  AND 
ACID 


ACETALDEHYDE  YIELDS  AS  A  FUNCTION  OF 
CONCENTRATION  IN  ETHANOL  VAPOR 


The  concentration  of  ethanol  was  3.95  x  10 


M 
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TABLE  III-V 

PRODUCT  YIELDS  AS  A  FUNCTION  OF  ACID  CONCENTRATION 


IN  ETHANOL  VAPOR 

Dose:  1.5  x  10^  eV/g 

n 

HCl 

CnHr 

C„H, 

CoH0 

CHoCH0 

mole  % 

2 

2  6 

2  4 

3  8 

3 

o 

• 

o 

6.35 

0.128 

0.999 

0.00745 

3.54 

o 

• 

o 

6.73 

0.133 

1.02 

0.00722 

3.67 

0.0344 

8.15 

0.254 

1.05 

0.00082 

4.66 

0.070 

8.16 

0.235 

1.08 

0.0000 

4.62 

0.132 

8.43 

0.231 

1.08 

0.0000 

4.20 

0.265 

8.52 

— 

1.03 

0.0000 

4.43 

0.528 

8.57 

0.215 

1.08 

0.0000 

2.58 

1.050 

8.73 

0.208 

1.09 

0.0000 

1.93 
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Figure  III-10 

VARIOUS  GASEOUS  PRODUCT  YIELDS  AS  A  FUNCTION  OF  ACID 
CONCENTRATION  IN  GASEOUS  ETHANOL 

A:  Ethane 

B:  Ethylene 


C:  Propane 


(product) 


0.3 


O 


0.2 


O 


0-0 


0.1  _ 


l.l 

1.0  f 

0.9 

0.8 

.008 

§ 

.006 

.004 

.002 

o« 


h**o—  o- 


o 


0.2 


0.4 


o 


B 


o 


C  _ 


O' 


[ACID]  mole  % 


0 


0.6 


•  •  •  •  - 


■ 


»  -  •  »:  •  -  . 


iC  »■<  '  » ■  *• 


£C0. 


-49- 


(D)  Solid  Phase  Ethanol 

When  neutral  ethanol  was  irradiated  at  -196°C  the 
solid  acquired  a  blue  color.  The  yield  of  hydrogen  de- 

o  n 

creased  to  G(H2)  =  4.0  as  the  dose  was  increased  to  1  x  10 
eV/g  and  a  dose  rate  of  3  x  10  eV/g  (Fig.  III-ll,  Table 
III-VII) .  The  low  dose  rate  samples  gave  yields  that  are 
on  the  same  curve  as  the  higher  dose  rate  samples  (Fig. 

III-ll) .  These  samples  were  thawed  and  analyzed  immediately 
after  radiolysis. 

Except  for  the  dose  study,  all  experiments  were  done  at 

2  0  19 

a  dose  of  1  x  10  eV/g  and  a  dose  rate  of  3  x  10  eV/g  hr. 

An  increase  in  hydrogen  yield  was  observed  when,  after 
irradiation,  the  sample  was  allowed  to  stand  in  the  dark  for 
several  days  at  -196°C  (Fig.  III-12A,  Table  III-VIII) .  When 
the  samples  were  stored  for  seven  days  at  warmer  temperatures 
(>  -170°)  the  yield  was  the  same  as  that  obtained  from  a 
sample  that  was  melted  immediately  after  radiolysis  (Fig.  Ill- 

O 

VIII) .  Bleaching  with  light  of  wavelength  >  5200  A,  of  a 
sample  which  had  been  stored  in  the  dark  at  -196°  gave  the 
same  yield  of  hydrogen  (G(H2)  =  4.9)  as  bleaching  a  freshly 
irradiated  sample  (Fig.  III-12A) . 

When  either  hydrogen  chloride  or  sulphuric  acid  was 
added  to  the  ethanol  prior  to  freezing  and  irradiation,  the 
yield  of  hydrogen  was  increased  (Fig.  III-13,  Table  III-IX) . 
Above  200  mM  hydrogen  chloride  ( ~  1.8  mole%)  the  irradiated 
solid  was  no  longer  blue,  and  G(H2)  =  4.9,  independent  of 
concentration  (Fig.  III-14,  Table  III-X) .  Below  200  mM 
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Figure  III-ll 

HYDROGEN  YIELD  AS  A  FUNCTION  OF  DOSE  IN  SOLID  PHASE 

1 9 

O  sample  not  bleached  (dose  rate  3  x  10  eV/g  hr) 

1 8 

□  sample  not  bleached  (dose  rate  2  x  10  eV/g  hr) 

__  ]_  9 

V  sample  bleached  (dose  rate  3  x  10  eV/g  hr) 
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TABLE  III-VII 

HYDROGEN  YIELD  AS  A  FUNCTION  OF  DOSE  IN  SOLID  PHASE 


Dose  G(H9) 

ev/g  


1.032 

X 

1017 

4.50* 

2.064 

X 

1017 

4.18* 

5.86 

X 

1017 

4.35 

1.14 

X 

1018 

4.10 

2.25 

X 

io18 

4.31 

1.10 

X 

1019 

4.20 

7.8 

X 

1019 

4.13 

1.00 

X 

1020 

4.0 

2.38 

X 

1020 

4 .02 

3.90 

X 

1020 

3.88 

2.25 

X 

1018 

4.87** 

1.00 

X 

1020 

4.90** 

Dose  rate  3  x  1019  eV/g  hr  unless  otherwise  noted 

**  sample  bleached 

1 8 

*  dose  rate  2  x  10  eV/g  hr 
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Figure  III-12 

A:  EFFECT  OF  TIME  OF  STORAGE  ON  HYDROGEN  YIELD 

^  samples  not  bleached 

O  samples  bleached 

stored  in  dark  at  -196° 

B:  EFFECT  OF  TEMPERATURE  OF  STORAGE 


Storage  time  7  days 


_ _ _  5.0 
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TABLE  III-VIII 


A:  EFFECT  OF  TIME  OF  STORAGE 

ON  HYDROGEN  YIELD 

Time 

(days) 

G(H2) 

0 

4.0* 

6 

4.17 

8 

4.63 

10 

4.39 

0 

4.9*# 

10 

4.88* 

*  Bleached 

•  Average  values 
B:  TEMPERATURE  OF  STORAGE 


°C 

G(H2) 

-196 

4.27 

-186 

4.37 

-176 

4.09 

-166 

4.09 

-156 


4.08 
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Figure  III-13 

HYDROGEN  AND  ACETALDEHYDE  YIELDS  AS  FUNCTIONS  OF 
ACID  CONCENTRATION  IN  SOLID  PHASE 

O  samples  not  bleached 

V  samples  bleached 


* 


<N) 


0 


0 
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Figure  III-14 

HYDROGEN  YIELD  AS  A  FUNCTION  OF  HYDROGEN  CHLORIDE 
CONCENTRATION  IN  SOLID  ETHANOL  AT  -196° 


25  mole  % 


4 . 8M 
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TABLE  III-X 

HYDROGEN  YIELD  AS  A  FUNCTION  OF  HYDROGEN 

CHLORIDE  CONCENTRATION  IN  SOLID  ETHANOL 

Mole  %  G(H9) 

HC1 


0 

0.29 

0.88 

1.6 

3.8 

7.5 

7.6 
13.9 
14.0 
21.6 


4.0 

4.88 

4.99 

4.98 

4.88 

4.84 

4.92 

4.90 

5.07 

5.06 


22.8 


4.85 


V 

•  •  •") 
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acid,  if  the  blue  colour  was  bleached  from  /the  sample  with 
visible  light,  the  yield  of  hydrogen  increased  to  G(H2)  = 

4.9  independent  of  acid  concentration  (Fig.  III-13) . 

The  yield  of  etharje  increased  with  an  increase  of  acid 
concentration  while  that  of  acetylene  decreased.  The  yield 
of  the  other  gaseous  products  remained  constant  (Fig.  HI- 
15,  Table  III-XII) .  It  should  be  noted  that  visible  bleach¬ 
ing  did  not  affect  the  yields  of  these  products  (Fig.  III-15) . 
No  carbon  monoxide  was  detected  with  or  without  bleaching 
( G (CO)  <  0.0005) . 

The  yield  of  acetaldehyde  increased  with  either  the 
addition  of  acid  or  bleaching  (Fig.  III-13) .  The  G  value  of 
2 , 3-butanediol  was  0.85  in  neutral  ethanol  independent  of  the 
length  of  time  stored  at  -196°.  Bleaching  of  the  neutral 
ethanol  increased  the  yield  slightly,  to  1.0.  In  acid  samples 
the  chemical  method  had  to  be  used  for  the  butanediol  analysis. 
The  yield  was  estimated  to  be  G  =  0.85  ±  0.13. 

When  solid  irradiated  C2H,_OD  was  bleached,  the  total  hy¬ 
drogen  yield  was  0.9  G  units  higher  than  when  the  sample  was 
not  bleached  (Table  III-XI) .  The  same  increase  in  hydrogen 
yield  was  observed  when  DCl  was  added  to  the  C^^OD  before 
freezing  and  irradiation,  without  bleaching  the  irradiated 
solid  (Table  III-XI) .  The  increase  appeared  mainly  as  HD  in 
both  cases. 

Propylene  was  added  (electron  fraction  0.01)  as  a  sca¬ 
venger  of  hydrogen  atoms.  The  yield  of  propane  (G  =  0.85  ± 
0.03)  was  approximately  equal  to  the  decrease  in  the  hydrogen 
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Figure  III-15 

VARIOUS  GASEOUS  PRODUCT  YIELDS  AS  A  FUNCTION  OF  ACID 
CONCENTRATION  IN  SOLID  ETHANOL  AT  -196° 

Q  samples  not  bleached 

V  samples  bleached 

A:  Methane 

B :  Ethane 

C:  Ethylene 

D:  Propane 

E.  Acetylene 


40  80 


120  160  200 

m  M 


o 


-60- 


TABLE  III-XI 


HYDROGEN  FROM  CoHc0D  AT  -196° 

Z  D 


G 


Sample 

H2 

HD 

D2 

Total 

Neutral 

1.69 

1.80 

0.08 

3.57 

Neutral 

1.80 

2.66 

<  0.1 

4.5 

Bleached 

19M  D2S04 

1.75 

2.67 

0.05 

4.47 

TABLE  III-XII 

YIELDS  OF  ISOTOPICALLY  SUBSTITUTED  PROPANES  FROM 

PROPYLENE  SOLUTIONS 

c2h5oh 

Propane 

 +  C3D6 

CD3CD2CD2H  1% ( 0% ) * 

CD3CDHCD2H  99%  (100%) 

CH3CHDCH2D 
CH3CH2CH2D 

C3H6 

*The  numbers  in  brackets  refer  to  the  yields  calculated 

from  reactions  [42]  -  [48}  or  their  equivalent  for 

C^Hr-OH  +  C.Dc. 

2  5  3  6 


CoHc0D 
z  D 

+  C3H6 

13%  (17%) * 
74%  (70%) 

13%  (13%) 


;>9fic  v-  e.:  •• 


*'«  .0 


. 
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yield  (AG  =  -  0.8).  The  isotopic  compositions  of  the 
propanes  obtained  from  the  solutions  of  perdeutero-propylene 
in  ordinary  ethanol  and  of  ordinary  propylene  in  C2H,_OD  are 
reported  in  Table  III-XII. 

No  hydrogen  atoms  were  observed  in  neutral  or  0.1  molar 
acidic  ethanol  by  epr  at  -196°.  Hydrogen  atoms  have  been  ob¬ 
served  in  acidic  ice  (41,70) .  The  addition  of  7  x  10  ^  mole 
fraction  aqueous  sulphuric  acid  solution  reduced  the  value  of 
G(H)  from  1.3  to  0.24  in  the  sample  frozen  at  -196°.  The  mea¬ 
surements  were  done  by  epr.  The  value  G(H)  =  1.3  in  the  alco¬ 
hol-free  acidic  ice  was  obtained  from  the  paper  of  Hendriksen 
(70)  and  was  used  as  a  standard  in  the  present  measurement. 

(E)  Hydrogen  Yields  in  the  Cyclohexane-Hydrogen  Chloride 

System  in  the  Liquid  and  Vapor  Phase 

The  addition  of  hydrogen  chloride  increased  the  yield  of 
hydrogen  in  both  the  liquid  and  vapor  phase  (Fig.  III-16,  Table 
III-XIII) .  The  gas  phase  samples  were  irradiated  to  a  dose  of 
1.7  x  1020  eV/g  cyclohexane  and  the  liquid  phase  1.0  x  1020 
eV/g  cyclohexane. 

Isotopic  experiments  were  carried  out  with  deuterium 
chloride  and  cyclohexane  in  order  to  determine  the  deuterium 
atom  contribution  from  the  deuterium  chloride.  The  isotopic 
composition  of  the  product  hydrogen  is  given  in  Table  III-XIII 
and  plotted  in  Fig.  III-17. 

The  deuterium  content  of  cyclohexane  after  irradiation 
in  the  vapor  phase  with  0.79  mole  fraction  DC1  was  determined 
by  mass  spectrometry  and  is  reported  in  Table  III-XIV.  From 
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Figure  III-16 

HYDROGEN  YIELD  AS  A  FUNCTION  OF  ACID 

IN  CYCLOHEXANE 

O  Liquid 

A  Vapor 

The  concentratiqn  of  cyclohexane  was 


CONCENTRATION 


2.12  x  10  2  M 


8 


0  0.5  1.0  1.5  2.0 


[ACID]  taole  % 


c.l  "  5.0 
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TABLE  III-XIII 

HYDROGEN  YIELDS  IN  ACIDIC  CYCLOHEXANE 


Mole% 

G(H2) 

0.0 

5.59 

Liquid 

0.026 

6.02 

phase 

0.056 

6.08 

0.073 

6.08 

0.17 

6.26 

0.37 

6.36 

0.52 

6.14 

0.52 

6.64 

0.76 

6.62 

2.2 

6.82 

. 

4.3 

6.84 

0.0 

4.02 

Vapor 

0.55 

4.59 

phase 

1.0 

5.22 

2.0 

5.81 

3.9 

6.70 

Per  cent(g^) 


Total 

Radiolytic 

0.022 

0.04 

0.025 

0.03 

0.026 

0.035 

0.035 

0.057 

0.051 

0.1 

0.064 

0.136 

0.064 

0.12 

0.084 

0.218 

0.209 

0.299 

0.392 

0.508 

0.066 

0.66 

0.103 

0.74 

0.186 

1.12 

0.352 

1.25 
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Figure  III-17 

ATOM  PER  CENT  DEUTERIUM  IN  RADIOLYTIC  HYDROGEN  AS  A 
FUNCTION  OF  ATOM  PER  CENT  DEUTERIUM  IN  THE  CYCLOHEXANE 

A:  This  curve  was  calculated  using  the  assumption 

that  the  increased  yield  of  radiolytic  hydrogen 

was  due  to  HD  formed  by  interaction  of  the  DCl 

and  c-C^H, - 
6  1Z 

B:  Experimental  curve  obtained  in  vapor  phase 

C:  Experimental  curve  obtained  in  liquid  phase 

D:  This  curve  was  calculated  using  the  assumption 
that  rapid  hydrogen  isotopic  mixing  occurred 


0 . 4  Atom  % 


4.6  mole  % 


ATOM  %  D  IN  RADIOLYTIC  HYDROGEN 


ATOM  %  D  IN  SAMPLE 


.  M 
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TABLE  III-XIV 

ISOTOPIC  COMPOSITION  OF  CYCLOHEXANE 


Per  cent 
composition 

C6H12 

3.1 

C6H11D 

12.7 

C6H10D2 

22.4 

C6H9D3 

26.2 

C6H8D4 

20.0 

C6H7D5 

10.5 

C6H6D6 

4.1 

C6H5D7 

1.2 

o 

<Ti 

D 

00 

0.3 

C6H3D9 

0.06 

*From  a  0.79  mole  fraction  DC1  vapor  phase 
sample . 

1.7  x  1020  eV/g  cyclohexane. 


Dose  : 


:  M-  Hrur.  0  "3C  i:  -■  v  ■'  '• 


r  c 

.  £ 


a  H.o 

e.ox 


-66- 


the  isotopic  composition  of  the  cyclohexane,  the  deuterium 
ratio  was  calculated  and  is  given  in  Table  III-XV.  The  ratio 
for  product  hydrogen  vas calculated  and  is  given  in  Table  III-XV. 

A  0.40  mole  fraction  of  deuterium  iodide  in  liquid 
cyclohexane  gave  very  high  deuterium  content  in  the  product 
hydrogen  (Table  III-XVI) . 

TABLE  III-XVI 

Product  Hydrogen  Yield  in  DI-C6H12  Liquid 

G 

H2  0.7 

HD  4.0 

D2  5.6 

The  deuterium  ratios  given  in  Table  III-XV  were  calculated 
from  the  hydrogen  yields. 

(F)  Radiation  Induced  Hydrogen  Exchange  Reaction  in  the 
Cyclohexane-Hydrogen  Chloride  System. 

The  deuterium  chloride-cyclohexane  exchange  reaction  was 
further  studied  using  nmr  to  follow  the  formation  of  HC1. 

The  HC1  peak  was  observed  at  x  ~  10  as  compared  to  the  c-C^H^ 
peak  at  x  =  8.6. 

The  results  of  each  experiment  were  plotted  in  such  a 
way  that  the  pseudo-first  order  exchange  rate  constants  were 
obtained . 

In  the  c-C,H, 0-DCl  system,  the  formation  of  HC1  was 
6  1  z 

observed.  The  logarithm  of  the  ratio  of  the  initial  concen¬ 
tration  of  deuterium  chloride  (  [DC1]  )  and  the  actual  concen- 


X 


9l  •  t  .  lt  r  jf : r  H  sun.  :  i.  l>0  ■  -  Bi  ‘  '  <  •' 

rnc  -  abX3o£jiO  -  V  “  rY 

* 

a,.w  ro:ioE  sg  tatiox  ■  .wi-x  av-' '  •• '  1  ’’  ' 
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DEUTERIUM 

TABLE  III-XV 

RATIO  (ttttt)  IN  HYDROGEN  HALIDE-CYCLOHEXANE 
li  +  JJ 

MIXTURES 

Mole 

Fraction 

DX  plus  Product  Cyclohexane 

cyclohexane  hydrogen  after 

irradiation 

0.79  DC1 

0.24  0.24  0.25 

0.40  DI 

0.053  0.56 

a  .  -i  ,  * 


■ 
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tration  of  deuterium  chloride  [DC1]  at  a  given  time  were 

plotted  against  the  irradiation  time  in  Figs.  III-18  to  22. 

The  actual  [DC1]  was  calculated  by  subtracting  the  observed 

[HC1]  from  the  initial  [DC1]  . 

o 

In  the  c-CgD^-HCl  system,  the  destruction  of  HC1  was 
observed.  The  logarithm  of  the  ratio  of  the  initial  concen¬ 
tration  [HC1]q  and  the  observed  concentration  [HC1]  at  a 
given  time  were  plotted  against  the  irradiation  time  (Fig. 
III-23 ) . 

To  verify  that  the  reaction  was  indeed  an  exchange  reac¬ 
tion,  both  the  formation  of  c-C^-D^H  and  the  disappearance  of 
HC1  were  measured  in  one  c-C^D^-1^!  sample. 

[32]  c-C^D, n  +  HCl  +  c-C,D,,H  +  DC1 

6  12  6  11 

The  amount  of  C-C  D_  H  formed  was  found  to  be  equal  to  the 

6  11 

amount  of  HCl  destroyed.  In  Fig.  III-24,  one  set  of  points 

represents  log  ([HCl]),  the  other  represents  log  ([HC1]q/ 

[HCl]  -  [c-C.D,  ,  H]  )  ,  and  the  two  sets  of  points  are  equivalent 
o  6  11 

to  each  other. 

The  initial  rates  of  the  exchange  reactions  were  deter¬ 
mined  by  multiplying  the  initial  acid  concentrations  by  the 
pseudo-first  order  rate  constants,  obtained  from  the  slopes 
of  plots  such  as  those  in  Figs.  III-18-24  (k  =  2.3  x  slope) . 
The  initial  rates  of  exchange  are  plotted  against  initial 
acid  concentration,  at  different  dose  rates,  in  Figs.  III-25 
and  III-26.  At  all  does  rates,  and  in  both  the  c-CgH^-DCl 

and  the  c-C^D.,  0-HCl  systems,  the  rate-concentration  plots 
6  12 
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Figure  III-18 

EXCHANGE  OF  DC1  WITH  c-C^H, ~ 

6  1  2 

(DC1)q  represents  initial  DC1 

( DCl )  =  (DCl)  - 
Dose  rate  =  6.08  x  10^ 

( DCl ) q  (M) 

□  0.177 

*  ^ 

A  0.200 

O  0.310 


concentration. 
(HCl ) 

eV/ml  rain. 


LOG  (CDCI3  o/CDCI]) 
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Figure  III-19 

EXCHANGE  OF  DC1  WITH  c-C^H, „ 

6  Iz 

(DC1)q  represents  initial  DC1  concentration 

( DC1 )  =  (DC1)  -  (HC1) 

Dose  rate  =  6.08  x  10^  eV/ml  min. 

(DC1) q  (M) 

A  0.170 
O  0.583 


□  0.760 


LOG  (  CDCI]  o/  C  DCI  ]) 
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Figure  III-20 

EXCHANGE  OF  DC1  WITH  c-C.H, n . 

6  12 

(DC1)q  represents  initial  DC1  concentration. 

( DC1 )  =  (DC1)  -  ( HC1 ) 

17 

Dose  rate  =  6.08  x  10  eV/ml  min. 

( DC1 ) Q  (M) 


1.01 


O 


3.46 


LOG  (LDCIJo/  COCO) 
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Figure  III-21 

EXCHANGE  OF  DC1  WITH  C-C.H, 0 . 

d  12 

(DC1)q  represents  initial  DCl  concentration. 

1 6 

Dose  rate  =  5.35  x  10  eV/ml  min. 

( DCl ) q  (M) 

□  0.240 

O  0.630 

O  0.84 


A 


1.00 


LOG  (tDCIl  o/IDCIl) 


.6 


IRRADIATION  TIME  (MIN) 
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Figure  III-22 

EXCHANGE  OF  DC1  WITH  c-C.H,0. 

6  12 

( DC1 ) Q  represents  initial  DC1  concentration. 

(DC1)  =  (DC1)  -  ( HCl ) 

14 

Dose  rate  6.25  x  10  eV/ml  min. 

(DC1) q  (M) 

□  0.111 

O  0.338 

O  0.70 

A  0.820 


LOG  (EDCI]  o/  CDCI1) 
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Figure  III-23 

EXCHANGE  OF  HC1  WITH  c-C.D1n. 

6  12 

(HC1)q  represents  initial  HC1  concentration. 

17 

Dose  rate  =  6.08  x  10  eV/ml  min. 


(HC1 )  (M) 


o 

0.383* 

□ 

0.940* 

11 

0.075 

O 

0.139 

A 

0.351 

A 

0.557 

O 

1.780 

*  GC  Purified. 


“(CIOH  1  /°CIOH]) 
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FORMATION 

-HC1. 


OF  c-C^Dn  -> 
6  II 


Figure  III-24 

H  AND  DESTRUCTION  OF  HC1  IN  c-C.D, n 

6  12 


Dose  rate 


6.08  x  1017  eV/ml  min. 


C  =  initial  concentration  of  HC1 
o 

A  ,  C  =  [HC1 ] 


4.25  M 


O  , 


[C_C6D11H] 


6 


1  _ 1 _ I 

2  3  4 

IRRADIATION  TIME  (MIN) 
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Figure 

THE  RATE  OF  EXCHANGE  OF  DC1 
OF  DC1  CONCENTRATION  AT 


A 

6.08 

X 

i — i 

o 
• — i 

□ 

5.35 

X 

1016 

o 

6.25 

X 

1014 

III-25 

WITH  c-C.H, n  AS  A  FUNCTION 
b  12 

DIFFERENT  DOSE  RATES. 
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Figure  III-26 

THE  RATE  OF  EXCHANGE  OF  HC1  WITH  c-CrD, 0  AS  A  FUNCTION 

b  12 

OF  DC1  CONCENTRATION 

17 

Dose  rate  =  6.08  x  10  eV/ml  min. 

A  Samples  purified  by  gas  chromatography. 


LOG  [HClJ 


o 
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have  maxima. 


The  dose  rate  dependence  of  the  c-C^H^-DCl  exchange 
reaction  is  shown  in  Fig.  III-27.  The  rate  of  the  reaction 
is  proportional  to  approximately  the  first  power  of  the 
dose  rate. 

The  length  of  the  chain  is  indicated  by  G (exchange)  = 

1  x  10^  at  [DC1]q  =  0.5  M,  and  a  dose  rate  =  6.08  x  10^7 
eV/ml  min.  The  addition  of  carbon  tetrachloride  to  the  sys¬ 
tem  greatly  decreased  the  rate  of  the  exchange  reaction 
(Table  III-XVII) .  Carbon  tetrachloride  was  more  than  fifty 
fold  better  as  an  inhibitor  than  was  CDCl^  (Table  III-XVII) . 

The  rate  of  formation  of  c-C^D^H  in  n_cgH]_4  containing 
25  mole  per  cent  c-C6Dp2  an<^  0.30  M  HC1  was  1000  fold  smaller 
than  it  was  in  a  solution  of  0.30  M  HC1  in  c-C6D12  (Ta^le 
III-XVIII ) .  The  corresponding  reduction  in  neo-C^H^  solvent 


was  200  fold  (Table  III-XVIII) . 

Photolysis  of  a  DC1  -  c_cgH]_2  s°lutl°n  in  a  quartz  tube 

with  a  600  watt  mercury  resonance  lamp  gave  complete  hydrogen 

exchange  in  5  minutes.  Under  these  conditions  in  an  initially 

one  molar  DC1  solution,  the  final  concentration  of  the  major 

-3 

chain  termination  product  C^H^Cl  was  1  x  10  molar.  This 

^  3 

indicates  that  the  true  chain  length  was  —  10  . 

The  exchange  between  DC1  and  c-C £-H^2  was  also  induced  by 

the  photolysis  of  Cl2,  using  a  high  pressure  mercury  lamp  and 

a  Pyrex  reaction  cell.  Complete  exchange  was  observed  in  a 

solution  one  molar  in  DCl  and  10  molar  in  Cl2.  This  result 

2 

indicated  a  chain  length  of  greater  than  10  .  More  dilute 
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Figure  III-27 

THE  RATE  OF  EXCHANGE  OF  DC1  WITH  c-CfiH,  ?  AS 

OF  DOSE  RATE.  b 

( DC1 )  =  0.3  M 

o 

The  slope  of  the  dashed  line  is  1.0 
that  of  the  dotted  line  is  0.5. 
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TAB-LE  III-XVII 

RATE  OF  EXCHANGE  OF  c-CrH,  „  WITH  DC1  IN  THE  PRESENCE 

6  12 

OF  CC14  AND  OF  CDC13 

[DC1 ]  =  0.5  M;  Dose  rate  =  6.08  x  1017  eV/ml  min. 


Concentration  of  additive 
(molar) 


10 


3 


0  1000 

[CC14]  =  0.080  31 

[CC14]  =  0.62  6.7 

[CDC13]=  1.00  355 


TABLE  III-XVIII 

RATE  OF  EXCHANGE  OF  c“C6D;l2  WITH  HC1  IN  SOLUTION  IN 
n-HEXANE  AND  IN  NEO-HEXANE 


[C  C6D12] 
Dose 

Solvent 


=  25  mole  %;  [HC1]  =  0.3  molar 

17 

rate  =  7.8  x  10  eV/g  mm 

d  [C-C/-D-.  ,  H ]  3  G  (Exchange) 

_ °  J--L—  x  10 

dt  - - 


n  C6H14 


ne°-C6H14 


pure  c_C5Di2 


0.44 

2.38 


50 

260 

5.2  x  104 


520 


r  r 

r.<‘u 


01  "•  . 


,  -  o . 


•  ;  ■  : 
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solutions  of  Cl 2  were  not  used  due  to  the  difficulty  of 

measuring  small  quantities  of  Cl 

A  one  molar  solution  of  DI  in  C-C.-H,  0  was  irradiated 

6  12 

17 

for  40  minutes  at  a  dose  rate  of  6.08  x  10  eV/ml  min. 

Within  experimental  error  no  exchange  was  observed,  so  G (ex¬ 
change)  <  30  in  this  system. 

Similarly,  no  exchange  was  observed  in  a  0.3  M  solution  of 

17 

D0S  in  c-CrHno,  after  eleven  hours  irradition  at  6.08  x  10 
2  6  12 

eV/ml.  Thus  G (exchange)  <  1.5  in  this  system. 

In  a  0.3  M  solution  of  ND^  in  c_C6H;l2'  G(ND2H)  =  0.8, 
within  a  factor  of  two. 
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IV*  DISCUSSION 

Many  of  the  reactions  in  the  Discussion  have  been  pre¬ 
viously  mentioned  in  the  Introduction.  Therefore,  to  make 
it  easier  to  refer  to  them,  the  numbers  of  these  reactions  in 
the  Discussion  are  the  same  as  in  the  Introduction. 

A)  Liquid  Acidic  Ethanol 

a)  Low  Acid  Concentration 

The  results  obtained  are  consistent  with  the  mechanism  proposed 
by  Myron  and  Freeman  (11).  They  proposed  the  following  reactions 


[10] 

C^H-OH  — 'VA— ^ 

Z  b 

C2H 

,_OH+  +  e 

3 

[10] +  [12] 

— W — 

ch3 

CHOH+  +  H  +  e" 

[13] 

CoHc0H+  +  C0Hc 
2  5  2  5 

OH 

CoH,_0H„  +  +  CHoCHo0 

Z  3  Z  3  Z 

[15] 

ch3choh+  +  c2h 

cOH 

3 

+  CH3CHO  +  C2H5OH2+ 

[4] 

e"  +  CoHc0Ho  + 

solv  25  2 

+  nC~HcOH  +  H 

[3] 

e  solv 

CH3CH20"  +  H 

[21] 

H  +  CoHc0H 

Z  3 

^  H2  +  CH3CKOH. 

18 

They  suggest  that  at  doses  >  10  eV/g ,  reactions  [5]  and  [6] 

become  important. 

[5]  e"  ,  +  CH^CHO  CH^CHO" 

1  J  solv  3  3 

[6]  ch3cho~  +  c2h5oh2+  -+  ch3choh  +  c2h5oh 

As  has  been  suggested  by  Myron  and  Freeman,  at  a  low  dose 
(7xl017  eV/g)  in  neutral  ethanol  the  yield  of  hydrogen  was 
G(H2)  =  5.0,  which  as  the  dose  was  increased  approached  a  plateau 
value  of  G(H2)  =  4.2  at  lxlO20  eV/g .  The  addition  of  a  small 
concentration  of  acid  (10  M)  at  low  dose  (7.4x10  )  eV/g)  and 

low  dose  rate  (4.2xl016  eV/g  hr)  increased  the  yield  to  G(H2)=5.9 


' 


£  is 
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from  G(E^)  —  5.0.  This  indicates  that  there  is  a  species 
which  normally  does  not  give  hydrogen,  but  on  the  addition  of 
acid  does  give  hydrogen.  This  species  will  be  called  "X"  and 
has  a  yield  G(X)  =  0,9. 

[35]  X  -»■  no  hydrogen 

[34]  X  +  C2Hj_ OH^  x’  +  H  or  H2 

This  suggestion  is  further  substantiated  by  the  work  with  N20 

done  in  this  laboratory  (10) .  It  was  also  noted  in  the  result 

section  that  various  methods  of  purification  of  the  ethanol  all 

gave  a  maximum  value  of  G(H2)  =  5.0  ±  0.1,  which  indicates  that 

the  zero  dose  value  is  not  G(H„)  =  5.9. 

2  o 

As  the  dose  is  increased  at  low  acid  concentration  (Fig. 
III-2)  the  hydrogen  yield  decreases  due  to  the  competition  be¬ 
tween  product  acetaldehyde  and  the  added  acid  for  the  electron 0 
[5]  e“  +  CH3CHO  -*  CH3CHO" 

e~solv  +  C2H5OH2+  +  H  +  nC2H5°H 

At  higher  acid  concentrations  the  acetaldehyde  is  not  competitive , 
therefore  little  decrease  in  hydrogen  yield  is  observed  with 
increasing  dose. 

A  further  competition  reaction  is  indicated  from  the  results 

-5 

of  the  dose  rate  studies  shown  in  Fig.  III-3.  At  10  molar  acid 

20 

concentration  and  a  dose  of  1x10  eV/g  the  yield  of  hydrogen  is 
increased  as  the  dose  rate  is  decreased.  This  indicates  that  a 
scavenger  (acetaldehyde)  is  being  removed  by  a  time  dependent 

Such  a  process  would  be  the  previously  discussed  acid 


process  . 


.  . 


* 
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catalyzed  reaction  to  give  acetal. 

tt+ 

[33]  CH3CHO  +  2C2H5OH  ^at-->  CH3CH (OC2H5 ) 2  +  H20 

In  acidic  solutions  at  a  dose  of  1x10^  eV/g  the  minimum 
yield  of  hydrogen  should  be  the  sum  of  the  yields  of  hydrogen 
in  neutral  solution  at  this  dose  (G(H2)  =  4.2)  plus  the  yield 
of  species  "X"  (G(X)  =  0.9)  which  is  5.1.  The  observed  yield 

is  G(H2)  ^  4.6  which  would  indicate  that  species  "X"  is  being 
removed  at  high  doses  (high  aceteldehyde  concentration) . 

[36]  "X"  +  CH3CHO  ->  products  not  H2 

From  tne  various  competition  reactions  [3-5,  33-36] 
theoretical  curves  can  be  calculated  for  the  hydrogen  yields. 

The  rate  constants  used  for  reactions  [3],  [4]  and  [5]  were 
the  same  as  used  by  Myron  and  Freeman  and  are  as  follows; 

k0  =  2.1x10^  sec  k.  =  2x10^  1/mole  sec  and  kc  = 

9 

1.6x10  1/mole  sec.  The  rate  constant  for  reaction  [33]  was 
assumed  to  be  k33  =  1.6  1/mole  sec,  an  average  of  the  values 
found  by  Deyrup  (67)  and  Bell  and  Norris  (72) .  The  rate  con¬ 
stants  for  reaction  [34]  and  [36]  were  assumed  to  be  the  same  as 
[4]  and  [5]  respectively.  Reaction  [35]  was  assumed  to  be 
negligible  in  acidic  solutions  since  at  low  dose,  dose  rate 
and  acid  concentration  the  yield  of  hydrogen  was  still  very 
close  to  the  high  acid  value  of  G(H2)  =  5.9  which  is  consis¬ 
tent  with  other  results  from  this  laboratory  (10) .  Using  the 
competition  reactions  and  rate  constants  suggested,  the  kinetic 
treatment  gave  the  following  equation  for  the  hydrogen  yield; 


. 

' 


■ 


■ 
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G(H2)  =  4  0 2  +  0,8  { 2xlQ10  [H+]  +  2olxl05) 

10  +  5  9 

2x10  [H  ]  +  2.1x10  +  1.6x10  [CHCHO] 

+  0.9  ( 2x10 10 [ H+ ] ) 

2xl010[H+]  +  1.6xl09 [CH3CHO] 

Using  the  average  approximation  used  by  Myron  and  Freeman  (11) 


the  average  hydrogen  yield; 

.  r 


GfH2}D 


G(H2)  dD 
D 


4.2  +  0.8  In  (1+r)  +  0.9  In (1+s) 

r  s 


where 


r  =  1.6  x  109[CH3CHO]d 

2xl010  [H+ ]  +  2.1  x  105 
=  1.6xl09 [CH3CH0]d 
10  + 

2xlOiU[H  ] 


In  order  to  calculate  G(H3)D  the  average  concentration  of 
acetaldehyde  is  required.  To  obtain  this  the  following 
equation  was  derived  from  the  kinetic  treatment. 


G(CH3CHO)  =  3.6  -  1.6  [H+] [CH3CHO] 

I 

0o8(1.6xl09  [CH3CHO]) 

2xl010  [H+]  +  2 . lxlO5  +  1.6xl09  [CH3CHO] 

0.9(1. 6xl09  [CH3CHO] ) 

2xl010  [H+]  +  1 . 6xl09  [CH3CHO] 

where  1  is  the  intensity. 


The  average  value  becomes: 


U± JJ.  +  •  *  <£»>» 


I  3  .!  :  j  .  ).  '■  •  £;:£ 


:>  f.  £  ,  :  :  ••  i '  b 
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g(ch3cho) 


/ 


G(CH3CHO)  dD 


D 


1.9  -  1.6  [H+]  [CH^CHO] ^ 

21  J  U 

+  0.8  In ( 1+r )  +  0.9  ln(l+s) 


r 


s 


The  above  equation  was  graphically  solved  for  [CH3CHO] D  for 
various  doses,  dose  rates  and  acid  concentrations  and  substi¬ 
tuted  in  the  G(H2)D  equation  to  obtain  the  calculated  hydrogen 
yield.  The  calculated  values  are  plotted  in  Figs.  III-2  and  3. 
A  reasonable  fit  with  the  experimental  points  is  obtained. 

No  other  mechanism  tried  could  be  fitted  to  all  the  data 
but  other  mechanisms  are  presented  for  the  sake  of  completeness. 

i)  Reactions  [35]  and  [36]  were  assumed  to  not  compete 
with  reaction  [34]  .  This  with  the  same  kinetic  treatment  as 
previously  given,  gave  curve  (a)  in  Fig.  IV-1A.  This  curve  is 
much  too  high  at  low  acid  concentrations. 

ii)  In  order  to  bring  the  calculated  curve  down  at  low 


assumed.  This  gave  curve  (b)  in  Fig.  IV-1A  a  reasonable  fit. 

At  low  dose,  dose  rate  and  acid  concentration  the  curve  (a)  Fig. 
IV-1B  is  much  lower  than  the  experimental  points. 

iii)  Since  species  "X"  and  the  electron  have  quite  similar 
properties  it  was  assumed  that  X  was  an  electron.  The  best  fit 
that  could  be  obtained  with  experimental  points  in  neutral 

ethanol  is  shown  in  Fig.  IV-2.  To  obtain  this  the  rate  constant 

k  3  5 

ratios  5  were  increased  from  8x10  to  1x10  and  the  plateau  value 

k3 

for  the  hydrogen  yield  for  bulk  electron  scavenging  was  increased 

from  G(H0)  =  4 . 2  to  4 . 4 .  In  order  to  obtain  the  experimental 

z  sc av  ° 

dose  rate  dependence  the  rate  of  reaction  [33]  had  to  be  doubled. 
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Figure  IV-1 

CALCULATED  CURVES  FOR  HYDROGEN  YIELD  AS  A 
FUNCTION  OF  ACID  CONCENTRATION 

A:  Dose  rate  4.2  x  10  ^  eV/g  hr 

Dose:  1.05  x  10^  eV/g 

1  6 

B:  Dose  rate:  4.2  x  10  eV/g  hr 

Dose:  7.4  x  10^7  eV/g 
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Figure  IV- 2 

CALCULATED  CURVE  FOR  HYDROGEN  YIELD  DOSE  DEPENDENCE 
O  Myron  and  Freeman  (ref.  11) 

Q  This  thesis 


Olxl  0,01x1 
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With  these  changes  a  good  fit  with  the  experimental 

data  was  obtained  except  for  high  dose  samples  where  curve 

(c)  in  Fig.  IV- 1A  was  obtained. 

iv)  It  is  possible  that  the  increase  is  due  to  a  change 
in  the  neutralization  mechanism  of  the  electron  on  adding  the 


acid.  Normally  in  pure  neutral  ethanol  the  solvated  electron 
decays  before  neutralization; 


[3] 


e-solv  *  H  +  C2H5° 


The  suggested  method  of  neutralization, 


141  e'solv  +  C2H5OH2+  -  H  +  nC2H5OH 

gives  the  same  yield  of  hydrogen  atoms.  An  alternate  neutral¬ 
ization  step  where  water  is  produced. 


[37] 


e"solv  +  C2H5OH2+  *  C2H5  +  H2° 


would  actually  reduce  the  hydrogen  atom  yield  and  consequently 
require  the  yield  of  species  "X"  to  be  still  larger  by  this 
amount.  Further  evidence  that  reaction  [37]  is  not  important 
comes  from  the  fact  that  the  ethane  yield  is  not  increased  (Fig 
III-5)  on  adding  acid. 

No  reasonable  neutralization  process  that  would  give  two 
hydrogen  atoms  was  found. 


b)  Effect  of  Scavengers  on  Hydrogen  Precursors  and  Acetal¬ 
dehyde  Yield 

Adding  acid  to  the  pentadiene  solution  has  very  little 
effect  on  the  hydrogen  yield  (Fig.  III-7) .  This  indicates  that 
the  pentadiene  is  effectively  scavenging  any  additional  hydrogen 
atoms  formed  or  is  reacting  with  the  solvated  electrons  and 


* 


. 
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species  X. 

Adding  acid  to  the  benzene  solution  gives  an  increase  of 
approximately  =  1.  This  indicates  that  benzene  is  not 

acting  primarily  as  a  hydrogen  atom  scavenger.  It  appears 
that  benzene  affects  the  product  yields  by  an  activation  trans¬ 
fer  process  as  has  been  suggested  by  Myron  and  Freeman  (11) . 

Since  there  is  not  a  slope  to  the  hydrogen  curve  above  10  mM 
acid  (Fig.  1II-7)  it  indicates  that  the  acid  does  not  compete 
with  the  benzene  inhibition  process  and  that  benzene  does  not 
react  with  species  "X".  On  this  basis  the  increase  in  yield 
can  be  attributed  to 

[34]  X  +  CoHI_0Ho+  ->  X1  +  H. 

ZD  Z 

It  should  be  noted  that  on  adding  acid  to  ethanol  without 
an  added  scavenger  the  acetaldehyde  yield  was  increased  by  the 
same  amount  as  the  hydrogen  yield.  This  was  not  observed  when 
a  scavenger  had  been  added  (Fig.  III-7).  Acetaldehyde  increased 
the  same  amount  (A  G  =  0.5)  when  acid  was  added  to  ethanol  con¬ 
taining  either  pentadiene  or  benzene,  while  the  change  in  the 
hydrogen  yields  were  very  different.  This  result  cannot  be 
explained  at  present. 

c)  High  Acid  Concentration 

As  the  concentration  of  acid  is  increased  (Figs.  111-1,2  and 
4)  the  dose  dependence  of  the  product  yields  disappears  since 
all  of  the  solvated  electrons  and  species  X  react  with  the  acid 
to  form  hydrogen.  At  acid  concentrations  above  10  1  molar  the 


acid  can  scavenge  electrons  in  the  spur  and  compete  with  other 
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possible  spur  reactions  of  the  electrons.  Fig.  III-4  indicates 
that  there  is  no  increase  in  hydrogen  yield  in  this  concentra¬ 
tion  region,  above  that  which  is  due  to  the  direct  radiolysis 
of  the  hydrogen  chloride.  This  indicates  that  there  are  essentially 
no  spur  reactions  of  the  electrons  which  normally  do  not  give  hydro¬ 
gen.  This  substantiates  the  suggestion  by  Myron  and  Freeman  (11) 
that  on  neutralization  of  the  electron  in  the  spur  hydrogen  atoms 
are  formed. 

141  e‘solv.  +  C2H5OH2+  -  nC2H5OH  +  H 

These  results  are  not  consistent  with  those  of  Adams  and 

Sedgewick  (12)  in  which  they  observed  an  increase  in  hydrogen 

-3  -1 

yield  in  the  acid  concentration  range  10  to  10  molar.  They 

attribute  this  increase  to  a  spur  reaction.  No  reason  could  be 

1 

found  for  the  discrepancy.  The  results  reported  in  this  thesis 
were  repeated  at  three  different  times  over  three  years  and  have 
been  substantiated  by  another  worker  in  this  laboratory  (10) . 

d)  Effect  of  Acid  on  Yield  of  Other  Gaseous  Products 
The  acid  has  very  little  effect  on  the  yields  of  the  other 
products  (Fig.  III-5) .  This  indicates  that  these  products  are 
formed  mainly  from  precursors  which  are  not  affected  by  the  pro- 
tonated  alcohol.  This  is  further  substantiated  with  added  scavengers 
and  acid  (Fig.  III-6  and  8) ,  where  the  scavenger  effects  are  inde¬ 
pendent  of  the  acid  concentration. 

Adams  and  Sedgewick  (12)  observed  a  decrease  in  ethane  yield 
with  added  acid,  but  this  decrease  was  not  observed  in  the  present 
work.  The  results  reported  here  indicate  that  the  ethyl  radical 
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is  not  formed  by  an  electron  reaction. 

[38]  e“  +  C2H5OH  +  ch3CH2  +  0H~ 

Adams  and  Sedgewick  suggested  that  the  yield  of  reaction  [38] 
was  G  [38]  ~  0.1  (12)  . 

Although  acetylene  is  only  a  minor  product,  G(C2H2)=  0.01, 
its  yield  appeared  to  decrease  with  increasing  acid  concentration. 
This  decrease  might  be  due  to  a  secondary  acid  catalyzed  addition 
reaction . 

(B)  Vapor  Phase  Ethanol-Hydrogen  Chloride  Mixtures 

The  addition  of  acid  to  vapor  phase  ethanol  causes  a  larger 
change  in  radiolytic  product  yields  (Figs.III-9  and  10)  than  is 

observed  in  the  liquid  phase  solution  (Fig.  III-5) ,  which  indi- 

« 

cates  that  the  hydrogen  chloride  was  involved  in  more  secondary 
reactions  in  the  vapor  phase.  Although  a  complete  study  was  not 
undertaken  the  following  comments  can  be  made. 

The  hydrogen  chloride  is  not  ionized  in  the  vapor  phase, 
so  the  concentration  required  to  reach  the  hydrogen  yield  plateau 
value  would  be  expected  to  be  closer  to  that  required  in  the 
HCl-c-CgH12  system  than  in  the  liquid  ethanol  system,  which  is 
the  case. 

If  it  is  assumed  that  in  hydrocarbons  the  increase  in  hydrogen 
yield  is  due  to  electron  capture  by  the  hydrogen  chloride  (Section 
IV-D) ,  then  since  the  curves  are  similar,  the  same  explanation 
could  be  used  in  ethanol  vapor.  However,  Meaburn  and  Mellows 
(85)  have  suggested  that  in  methanol  vapor  the  electron  on  neu¬ 
tralization  yields  hydrogen,  which  is  what  has  been  found  in  this 
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thesis  for  liquid  ethanol.  Presumably  this  is  also  the  case  for 
ethanol  vapor  and  would  rule  out  this  as  a  source  of  extra 
hydrogen  on  the  addition  of  hydrogen  chloride. 

Part  of  the  increase  observed  in  Fig.  III-9  could  be  due  to 
the  acid  removing  electron  scavengers  (CH^CHO) ,  as  was  the  case 
in  liquid  ethanol.  Since  the  acetaldehyde  reaction  is  cata¬ 
lyzed  by  oxonium  ions  it  might  not  take  place  in  the  vapor  phase. 
Hydrogen  chloride  (73)  and  presumably  ethanol  will  be  adsorbed 
on  the  vessel  surface  and  form  some  oxonium  ions.  The  protonated 
ethanol  on  the  wall  of  the  vessel  could  then  remove  the  acetal¬ 
dehyde  that  diffused  to  it,  if  it  were  not  removed  in  a  vapor 
phase  reaction. 

If  species  "X"  is  formed  in  the  vapor  phase  it  might  react 

H  (5-).  §  — 

with  partially  ionic  clusters  (CH^C^  0  -  HC1  )  which  would 

probably  be  formed.  Although  no  one  has  looked  for  them  in  this 
system,  they  have  been  suggested  to  occur  in  the  dimethyl  ether- 
hydrogen  chloride  vapor  mixture  (86) . 

Further  work  is  required  in  the  vapor  phase  system  before 
any  definite  conclusion  can  be  decided  upon.  The  most  important 
experiment  is  to  determine  the  true  zero  dose  yield  of  hydrogen 
to  determine  if  there  is  a  species  "X"  in  the  vapor  phase.  The 
cause  of  the  decrease  in  acetaldehyde  yield  at  higher  acid  con¬ 
centrations,  which  is  only  observed  in  the  vapor  phase,  is  not 
understood  and  would  be  worth  further  study . 

C)  Solid  Phase  Ethanol 

When  neutral  ethanol  is  irradiated  at  -196°,  some  of  the 
secondary  electrons  are  trapped  and  the  solid  acquires  a  blue 
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color  (Section  I  ,  p.  4) .  If  the  sample,  after  a  dose  of 
2  0 

1  X  10  eV/g,  is  melted  immediately  after  radiolysis,  the 
value  G(H2)  =  4.0  is  obtained.  This  hydrogen  yield  can  be 
explained  by  the  same  mechanism  as  has  been  proposed  for  the 
liquid  phase  and  includes  the  reactions  of  the  "free  ion" 
portion  of  the  solvated  electrons  with  product  acetaldehyde. 

[5]  e”  ,  +  C  H^CHO  +  CH-CHO- 

solv  3  3 

[6]  CHoCH0~  +  C^HcOHt  -*  CHoCH0H  +  CoHc0H 

O  Z  D  Z  O  ZD 

Reactions  [5]  and  [6]  occur  when  the  samples  are  warming  up, 
in  the  present  instance. 

In  the  following  discussion,  no  distinction  will  be 
drawn  between  trapped  and  solvated  electrons  because  it  is 
not  known  where  the  reaction 

e  trap  *  e  solv 

fits  on  the  time  scale  of  the  present  measurements.  Reaction 
[39]  simply  involves  the  relaxation  of  the  dielectric  about 
the  site  of  the  electron. 

When  the  solid  samples  are  bleached  at  -196°  after  irra¬ 
diation,  the  blue  color  and  thus  the  trapped  electrons  are 
removed.  If  the  samples  are  bleached  at  —196  immediately 
after  irradiation,  the  value  G(H2)  =  4.9  is  obtained.  The 
increase  of  0.9  units  in  the  hydrogen  yield  is  probably  due 
to  the  reactions 

[7]  e"solv  +  hv  ■*  H  +  C2H5°” 

[21]  H  +  C2H5OH  H2  +  C2H4OH 
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Reaction  [7]  has  previously  been  proposed  by  Hamill 
et  al_.  (7)  .  Reaction  [21]  has  been  proposed  by  Chachaty  and 
Hayon  (49)  and  is  substantiated  by  our  epr  results  obtained 
at  -196°C  in  an  aqueous  H^SO^  glass  which  indicate  that  H  atoms 
formed  by  radiolysis  react  with  ethanol  at  -196°C. 

It  has  recently  been  suggested  by  Johnsen  et  a^.  (43) 

that  reaction  [21]  does  not  occur  at  -196°  with  thermal  H 

atoms.  However,  one  possible  interpretation  of  our  observation 

-4 

that  7  x  10  mole  fraction  of  ethanol  greatly  reduced  the 
yield  of  trapped  hydrogen  atoms  in  acidic  ice  at  -196°  is  that 
many  of  the  hydrogen  atoms  react  with  the  ethanol  before  being 
trapped.  An  alternate  but  much  less  likely  interpretation  is 
that  the  small  amount  of  ethanol  somehow  prevented  the  hydrogen 
atoms  from  being  formed  in  the  5M  sulphuric  acid  glass.  The 
difference  in  reaction  conditions  might  be  the  cause  of  the 
difference  between  the  present  observations  and  those  of  Johnsen. 

When  the  solid  samples  are  stored  for  several  days  at  -196° 
in  the  dark,  taking  precautions  to  prevent  any  light  leaking 
into  the  cells,  G(H2)  >  4.0  is  obtained  (Fig.  III-12A)  .  However , 

bleaching  a  sample  after  ten  days  of  storage  at  -196°  gave 
G(h2)  =  4.9,  the  same  value  as  was  obtained  by  bleaching  the 
sample  immediately  after  radiolysis.  The  dark  reaction  appears 
to  be 


[3] 


solv 


H  +  c2h5o- 


The  half-life  of  reaction  [3]  appears  to  be  about  8  days  at 
-196°,  compared  to  3  ysec  at  25°  (11) .  If  the  factor  of 
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2.3  x  10  difference  in  rate  at  the  two  temperatures  is  due 
only  to  the  activation  energy  of  reaction  [3] ,  then  Er  = 
fi^n (2 . 3 xl 0 1 1 )  =  5  kcai/mole. 

“77  “  Too 

When  the  solid  samples  are  stored  in  the  dark  for  several 
days  at  temperatures  higher  than  -160°,  the  hydrogen  yield  is 
the  same  as  when  the  samples  are  melted  immediately  after  ir¬ 
radiation  (Fig.  III-12A).  This  indicates  that  the  electrons  become 
mobile  at  the  higher  temperatures  and  react  with  the  product 
acetaldehyde,  reaction  [5]. 

The  presence  of  acid  in  the  ethanol  during  radiolysis 
increases  the  "unbleached"  hydrogen  yield  and  decreases  the 
yield  of  trapped  electrons.  This  is  because  the  reaction 

[4 ] a  e"  +  C2H5OH2+  ->  H  +  C^OH 

can  occur  before  the  electron  is  trapped  by  the  medium.  Con¬ 
sequently,  when  the  acid  concentration  is  sufficiently  high 
the  irradiated  sample  is  hot  blue  because  there  are  no  trapped 
electrons,  and  the  hydrogen  yield  equals  the  "bleached  yield", 
G(h2)  =  4.9  (Fig .  III-13).  Photolysis  of  the  acidic  samples,  with 

O 

light  of  wavelength  >  5200  A,  does  not  increase  G(H2)  above  4.9. 

Johnsen  (59)  found  that  photolysing  an  irradiated  solid 
sample  of  ethanol  at  -196°  with  ultraviolet  light  gave  large 
yields  of  hydrogen,  carbon  monoxide  and  methane.  Ultraviolet 
light  decomposes  the  radicals  trapped  in  the  ethanol. 


[40] 

CH3CHOH  +  hv (uv) 

CH3  +  CHOH 

[41] 

CHOH  +  hv (uv) 

+  2H  -h  CO 
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and  a  chain  reaction  ensues.  In  the  present  work,  the  yields 
of  methane  and  carbon  monoxide  were  unaffected  by  photolysis, 

O 

so  light  of  wavelength  >  5200  A  does  not  cause  reactions  [40] 
and  [41]  to  occur. 

When  the  total  dose  is  decreased  the  yield  of  hydrogen 
increases  continuously  over  the  dose  range  studied  (Fig.  III-ll) 
This  indicates  that  as  the  dose  and  the  acetaldehyde  concen¬ 
tration  are  decreased,  a  smaller  fraction  of  the  electrons  react 
by  reaction  [5]  with  the  acetaldehyde  and  more  react  to  give 
hydrogen  by  reaction  [3],.  If  this  is  the  case,  then  on  extrapo¬ 
lation  to  zero  dose  the  yield  should  be  GCH^)  =4.9,  the  plateau 
value  in  acidic  or  bleached  solid  solutions. 

The  results  indicate  that  a  minimum  value  of  G(e“  )  is 

trap 

0.9.  If  all  of  the  trapped  electrons  do  not  react  by  reaction 

[5]  when  the  samples  are  immediately  warmed  in  the  dark  after 

20 

receiving  a  dose  of  1  x  10  eV/g,  then  G(e  )  >  0.9. 

Chachaty  and  Hayon  (49)  measured  G(e~tr  )  =  2*3  ePr  spectros 
copy  and  Hamill  et  al.  (7)  have  reported  G(e  tr  )  =  G (anion)  = 
2.9,  measured  by  optical  absorption.  Both  these  techniques 
measure  the  total  yield  of  trapped  electrons.  The  technique 
used  in  the  present  work  would  measure  only  the  fraction  of  the 
electrons  that  become  free  ions  (11) ,  because  the  concentration 
of  acetaldehyde  formed  at  the  dose  used  would  not  be  high  enough 
to  capture  electrons  that  undergo  geminate  recombination  when 
the  sample  is  warmed.  The  sum  of  these  results  supports  the 
suggestion  that  the  mechanisms  of  the  liquid  phase  and  solid 
phase  radiolyses  are  similar  except  for  species  "X". 
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The  occurrence  of  reactions  [ 7 J  ,  [21]  ,  and  [4]  is  further 

substantiated  by  the  results  obtained  with  C^H^OD  (Table  III-XI) . 
The  reactions  indicate  that  the  increase  in  hydrogen  yield 
caused  by  D^SO^  or  by  bleaching  should  appear  as  HD ,  which  was 
observed . 

The  changes  of  the  acetaldehyde  yield  paralleled  those 
of  the  hydrogen  yield,  whereas  the  butanediol  yield  remained 
relatively  constant  under  the  conditions  of  the  present  ex¬ 
periments.  This  is  consistent  with  the  proposed  mechanism  because 
the  same  radical  is  formed  by  reactions  [6]  and  [21] .  Butanediol 
is  formed  by  reaction  [23]  (11) .  Although  the  gross  rate  of 

formation  of  acetaldehyde  is  unaltered  by  conditions, 

[23]  2CH3CHOH  ->  (CH3CHOH)2 

[22]  +  CH3CHO  +  C2H5OH 

acetaldehyde  can  be  destroyed  by  reaction  [5]  which  decreases 
the  net  rate  of  formation. 

The  increasing  yield  of  ethane  with  increasing  acid  con¬ 
centration  is  not  understood.  It  cannot  be  explained  in  terms 
of  hydrogenation  of  ethylene  and  acetylene  because  the  yield 
of  ethylene  is  not  affected  by  acid  and  that  of  acetylene  de¬ 
creases  by  an  amount  that  is  only  2  or  3%  of  the  amount  by 
which  the  ethane  yield  increases  (Fig.  III-15) . 

The  results  obtained  from  the  addition  of  propylene  to 
the  ethanol,  support  the  suggestion  that  hydrogen  atoms  are 
formed  in  the  radiolysis  system.  The  results  in  Table  III-XII 
are  consistent  with  the  following  mechanism.  The  fractions  in 
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brackets  indicate  the  relative  extents  of  the  pairs  of  reac¬ 
tions  . 


[42] 

C  2  H  5  0  D  ~ — V\A— — ?* 

C2H50  +  D 

(5/6) 

[43] 

— M/V — > 

C2H4OD  +  H 

(1/6) 

[44] 

D (H)  +  C0H,  + 

3  6 

c3h6d  (c3h7) 

[45] 

C0H.D  +  CoH,_0D  -* 

3  6  2  5 

C3H7D  +  C2H4OD 

(4/5) 

[46] 

-> 

C0H,D0  +  C.H.O 

3  6  2  2  5 

* 

(1/5) 

[47] 

C0H_,  +  CnHcOD  -* 

5  /  2  5 

C3H8  +  C2H4OD 

(4/5) 

[48] 

C.,H_D  +  C.HcO 

5  /  2  5 

(1/5) 

Reactions  [45J  -  [48]  probably  occur  during  the  warming  of 
the  sample. 

The  fact  that  99%  of  the  propane  formed  from  C2H,-OH  + 
contained  two  H  atoms  per  molecule  indicates  that  mutual 
disproportionation  of  the  C^D^H  radicals  (the  only  propyl 
radicals  present  in  this  sample)  was  not  an  important  source 
of  propane. 

The  radical  combination  products  hexane  and  pentanol 


[49] 

C3H7 

+  c3h7 

1 — 1 

VO 

U 

[50] 

^3H7 

+  c2h4oh  + 

C5H11 

were  not  observed  on  the  gas  chromatograms,  but  even  though 

a  small  amount  of  the  dimers  were  formed  our  conclusions 

would  not  be  altered,  since  we  were  concerned  only  with  the 

isotopic  compositions  of  the  propanes  formed. 

* 

In  methanol,  abstraction  from  the  OH  group  occurs  4X 
more  readily  than  from  the  CH^  group  at  182 °C  (91) . 


Mr 


V 


-100- 


D)  Hydrogen  Yields  in  the  Cyclohexane-Hydrogen  Chloride  System. 

The  increase  in  hydrogen  yield  in  cyclohexane  liquid  and 
vapor  phase  and  vapor  phase  ethanol  occurs  in  the  same  concen¬ 
tration  (mole  %)  range  of  acid  within  an  order  of  magnitude, 
while  in  liquid  phase  ethanol  the  same  effect  is  observed  at 
a  factor  of  1000  lower  concentration  (Fig.  III-2,  9  and  16). 

This  indicates  that  the  mechanism  in  cyclohexane  and  ethanol 
vapor  is  different  than  that  in  liquid  ethanol.  The  effect  in 
liquid  ethanol  was  assumed  to  be  due  to  protonated  ethanol.  The 
hydrogen  chloride  in  cyclohexane  and  ethanol  vapor  is  essentially 
unionized  and  thus  reacts  by  a  different  mechanism. 

In  order  to  determine  the  hydrogen  atom  contribution  of  the 
unionized  hydrogen  chloride  in  the  radiolysis  process,  DC1  was 
added  to  c-C6Hi2*  The  results  in  Fig.  III-17  indicate  that  ex¬ 
change  must  have  occurred  in  the  liquid  phase  since  the  D  atom 
concentration  of  the  product  hydrogen  (curve  C)  is  only  slightly 
above  what  would  be  expected  if  complete  exchange  had  occurred 
(curve  D) .  This  exchange  reaction  was  further  studied  and  is 

substantiated  in  the  next  section.  From  the  rate  of  exchange 

1  7 

curve  at  6.08  x  10  eV/ml  min.  in  Fig.  III-25  the  DC1  and 

c-CrH,  0  should  have  reached  exchange  equilibrium  in  a  matter 
6  12 

of  minutes.  The  above  samples  were  irradiated  for  more  than  an 
hour  so  the  product  hydrogen  should  have  approximately  the  iso¬ 
topic  composition  of  the  exchanged  solution,  as  is  found. 

In  the  vapor  phase,  exchange  was  not  complete,  as  indicated 
by  Curve  B  in  Fig.  III-17.  The  concentration  in  the  vapor  phase 
was  less  by  a  factor  of  450  from  that  in  the  liquid  phase.  From 
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the  experimental  curve  (Fig.  III-25)  and  kinetic  treatment 
the  rate  of  exchange  is 

a  [PCI  la  [DC1]  0,7  [C,Hn  ,]. 
dt  b 


The  rate  in  the  vapor  phase  would  then  be  calculated  to 
be  slower  by  a  factor  of  3  x  10^.  In  the  liquid  phase  the 
rate  of  exchange  extrapolated  to  0.1  molar  (~1  mole  %)  from 
the  top  curve  Fig.  III-25  is  d— =  0.3  moles/lt  min. 

In  the  vapor  phase  at  1  mole  %  and  irradiation  time  of 
100  min  the  per  cent  exchanged  would  be  approximately 


0.3 


x  100 


3x10 


x  100 


0.1 


1%.  This  is  only  an  approximate  calcu¬ 


lation  but  agrees  with  the  observed  results  quite  well. 

Due  to  the  complication  involved  with  the  exchange  re- 
ation  and  since  after  this  work  was  started  it  was  found  that 
another  laboratory  was  studying  the  sytem  (74)  no  further  work 
was  undertaken  in  this  aspect. 

One  of  the  effects  of  acid  in  liquid  ethanol  is  to  remove 
radiolytically  produced  scavenger  (acetaldehyde) .  Acid  cata¬ 
lyses,  the  reaction  between  acetaldehyde  and  ethanol  to  form 
acetal,  which  does  not  act  as  a  scavenger.  A  similar  effect 
might  also  occur  in  cyclohexane  with  the  removal  of  cyclo¬ 
hexene  by  hydrogen  chloride. 


[SH  C6H  +  HC1  cV/s^veHt*  C6HHC1 

6  12 

Although  cyclohexyl  chloride  might  be  an  electron 
scavenger  it  will  be  in  a  much  lower  concentration  than  the 
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HC1  therefore  will  not  compete  for  the  electron.  Swallow 
(24)  has  suggested  that  from  the  results  of  Leprince  and 
Limido  (75)  that  the  reaction  will  not  occur.  Dyne  (74) 
has  found  that  reaction  [51]  has  a  value  G  ~  100  in  a  0.5 
mole  %  1  mole  %  HC1  cyclohexane  and  that  the  yield 

of  cyclohexene  is  reduced  on  the  addition  of  hydrogen 
chloride . 

An  extensive  study  in  this  laboratory  (76)  of  the  methyl 
cyclohexane-deuterium  iodide  system  in  the  vapor  phase  with 
various  additives  has  been  undertaken.  The  results  indicate 
that  deuterium  iodide  reacts  by  electron  capture. 

It  has  been  found  that  in  the  pure  phase  approximately 
one  half  of  the  electrons  on  neutralization  do  not  give  rise 
to  hydrogen  (76  -  78) .  Since  DI~  on  neutralization  gives 
hydrogen  more  efficiently  the  overall  hydrogen  yield  is 
increased.  Armstrong  (79)  has  suggested  that  electron  cap¬ 
ture  also  occurs  in  hydrogen  chloride  vapor  but  that  the 
capture  cross  section  would  be  increased  by  cluster  formation. 
Since  in  the  liquid  phase  cluster  formation  or  solvation  can 
occur,  it  has  been  suggested  (80)  that  electron  capture 
should  be  a  more  efficient  process  in  the  liquid. 

It  appears  that  from  the  present  state  of  knowledge, 
capture  by  the  hydrogen  halide  of  electrons,  some  of  which 
would  not  normally  give  hydrogen  ,  is  the  principle  step  which 
causes  the  observed  increase  in  hydrogen  yield  in  cyclohexane. 
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E)  Radiation  Induced  Hydrogen  Exchange  Reaction  in  the 

Cyclohexane  -  Hydrogen  Chloride  System 

From  the  nmr  study,  the  chain  length  of  the  hydrogen 

exchange  reaction  between  hydrogen  chloride  and  cyclohexane 

4 

was  found  to  be  of  the  order  to  10  assuming  G ( initiation) ~ 10 , 

when  the  hydrogen  chloride  concentration  was  about  one  molar. 

The  experimental  results  are  consistent  with  a  free 

radical  chain  mechanism.  No  chain  was  observed  with  DI-c-CrH, 

6  1 

(Table  III-XV) ,  and  I  atoms  do  not  act  as  chain  carriers  in 
this  system.  Exchange  was  observed  with  DCl-c-C^H^  and  Cl 
atoms  are  chain  carriers  in  cyclohexane.  However,  since  ions 
are  formed  in  radiation  chemistry,  ionic  mechanisms  must  also 
be  considered. 

In  the  radiation  chemistry  of  cyclohexane  the  following 
reactions  possibly  occur: 


[29]  C6H12 


C,H, .  +  H 

D  11 


[11] 


[52] 


C.H, ,  +  H  +  e 

D  11 


[33]  C6H12  +  C6H12 


-  C6H13+  +  C6H11 


Reaction  [53]  is  included  since  it  has  been  previously  sugges¬ 


ted  (31, 32)  . 


a)  Ion  Mechanisms 

Each  of  the  above  ions  will  be  considered  as  possibly 
being  involved  in  the  chain  reaction. 
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11  C6H11+ 

The  only  possible  reaction  leading  to  a  chain  exchange 
reaction  [54]  is  too  endothermic  to  occur 


[54] 

C6H11+  +  DC1 

+  Cl  + 

+  C,H, nD  -  135  kcal 
6  11 

[55] 

Cl+  +  CcH, 0 

6  12 

-»  HC1 

+  C6H11+ 

Roginsky  (81)  suggests  that  for  tertiary  carbon  atoms  the 
carbonium  ion  can  give  isotopic  exchange  via  a  complex,  a 
similar  complex  might  be  formed  by  cyclohexane. 

[56]  [C6Hi:lDC1]+  ->  HC1  +  C6H1QD+ 


However  hydride  ion  transfer 


[57] 


C6H10D  +  C6H12  C6H11D  +  C6H11 


does  not  occur  fast  enough  to  account  for  the  long  chain  length 

observed  (84)  .  Thus  CrH-...+  is  ruled  out  as  a  chain  carrier. 

6  11 

ii)  c6h12+ 

The  following  chain  reaction  involving  cgH]_2  +  occur 

[58]  CrH  +  +  DC1  -*  C^H,  ,  +  HDC1+  -  170  +  P.A.  HC1 

b  ±Z  b  11 

[59]  HDC1+  +  C6Hi;l  +  C6H11D+  +  HC1 


if  the  proton  affinity  (PA)  of  HC1  was  of  the  order  of  170 

kcal.  Lampe  &  Field  (82)  have  found  it  to  be  greater  than  120 

kcal.  In  order  for  reaction  [59]  to  have  the  high  probability 

of  occuring  that  is  required  by  the  long  chain,  [59]  would 

have  to  occur  in  the  same  cage  as  [58] .  If  it  occurred  in  the 

bulk  medium  the  concentration  of  the  intermediates  (HDC1+, 

C^H.,,)  would  be  low  and  thus  the  rate  would  be  very  slow, 
b  11 


‘ 


+ 


' 


. 
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If  the  above  chain  did  occur,  the  maximum  observable  chain 
length  would  be  12  unless  chain  transfer  occurred. 

Charge  exchange  reaction  [60]  could  lead  to  chain  trans¬ 
fer  reaction  and  more  extensive  exchange.  This  type  of  re¬ 
action  has  been  calculated  to  be  slow  at  thermal  energies  (83)  . 


[60] 


C6H11D 


+  C6H12 


C6H11D  +  C6H12 


However,  it  has  been  recently  suggested  (87)  that  charge  trans¬ 
fer  reactions  of  this  type  are  not  necessarily  slow,  since  they  (87 
have  found  charge  transfer  reactions  which  are  only  slightly 
exothermic  to  be  very  fast.  Another  possible  chain  transfer 
step  would  be  hydrogen  abstraction; 


[61] 


C6H10D  +  C6K12  C6H11D  +  C6H11. 


Since  reactions  [58]  and  [59]  have  to  occur  in  the  same  cage, 
[61]  would  also  have  to  occur  in  the  same  cage,  and  in  the 
interval  between  the  time  that  reaction  [58]  and  [59]  occurred 

Since  reaction  [61]  probably  has  an  activation  energy  of  about 

_  6 

8  kcal/mole,  hence  a  collision  efficiency  of  about  10  ,  and 

2  3 

since  there  would  only  be  10  -  10  collisions  during  the 
lifetime  of  a  cage,  it  is  unlikely  a  mechanism  involving 
reaction  [61]  could  explain  the  results. 

Although  C6H12+  cannot  be  ruled  out  as  a  chain  carrier 
on  the  basis  of  the  above  argument  it  can  be  ruled  out  on  the 


basis  of  the  inhibition  observed  with  carbon  tetrachloride, 
for  the  reasons  mentioned  in  the  next  sub-section  (iii) . 
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iii)  C6H13 

A  chain  reaction  involving  C^-H.^  might  occur 


[62] 

CcHn  +  DC1  * 

6  13 

C,Hn  „  +  HDC1+  +  PA  (H Cl)  -  PA  (C.H,  ^) 
6  12  6  12 

[63] 

HDC1+  +  C ,H , ^  + 
6  12 

HC1  +  CrHn  0D+ 

6  12 

if  the  proton  affinity  of  HC1  and  C^-H.^  are  approximately  equal 
Since  the  proton  affinities  are  not  known  this  reaction  cannot 
be  ruled  out. 

This  process  might  occur  in  the  spur.  Combining  the  ob- 

5 

served  G  (exchange)  ~  10  and  G  (spur  ions)  *  3  gives  a  chain 


length  of  3 . 3  x  10  .  If  the  time  for  geminate  recombination  in 

-9 

the  spur  is  10  sec  (13,  35),  this  would  require  one  exchange 


in  3  x  10 


-15 


sec  or  a  k  - 


1  14 

=  3  x  10  1/mole  sec.  En- 


t  a  [HC1] 


10 


counter  rates  are  of  the  order  of  k  =  10  1/mole  sec,  there¬ 


fore  the  exchange  reaction  does  not  take  place  in  the  spur. 

In  the  bulk  medium  ion  lifetimes  are  of  the  order  of  10 


-2 


sec  at  the  dose  rates  used  (13,  35)  and  G  (free  ion)  ~  0.1. 


This  gives  a  chain  length  of  10  and  requires  one  exchange  in 

_  s  g 

10  sec,  which  gives  a  possible  rate  constant  (k  =  10  1/mole 


sec)  . 

The  positive  chain  carriers  would  undergo  chain  termi¬ 
nation  reactions  with  negative  species. 


[64] 

C6H13+  +  (M"> 

-*■  Products 

[54] 

H0C1+  +  ( M  ) 

Products 

The  rate  of  termination  and  thus  the  rate  of  exchange  should 
be  nearly  independent  of  the  species  (M~)  if  their  mobilities 
are  similar.  It  is  shown  in  Table  III-XVII  that  carbon  tetra¬ 
chloride  was  a  very  good  chain  inhibitor.  Carbon  tetra- 
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chloride  mainly  undergoes  dissociative  electron  capture 
[66]  CC14  +  e  -*  CC13  +  Cl“. 

Carbon  tetrachloride  or  products  formed  from  it  would  not  act  as 
good  inhibitors  for  the  ionic  chain. 

The  above  discussion  rules  out  ions  as  chain  exchange 
carriers . 

b)  Radical  Chain  Reactions 

The  radical  chain  exchange  mechanism  would  involve  chlorine 
atoms  and  cyclohexyl  radicals  as  chain  carriers. 


[67] 

Cl  +  CcH1 0  + 

6  12 

CrH, ,  +  HCl  +  8  kcal 
6  11 

[68] 

CrH,  ,  +  DC1  •* 
6  11 

C.H,  D  +  Cl 

6  11 

If  we  assume  that  G  (radicals)  ~  10  then  the  chain  length  is 

4  -3 

approximately  10  .  With  a  radical  lifetime  of  approximately  10 

7 

sec  an  acceptable  rate  constant  of  10  1/mole  sec  is  obtained. 

High  concentrations  of  HC1  (or  DC1)  inhibit  the  exchange 

(Figs.  III-25  and  26).  This  might  be  due  to  the  formation  of  HC12, 

[69]  Cl  +  HC1  t  HC12 

which  would  be  less  efficient  in  propagating  the  chain  than  is  Cl, 

but  which  could  enter  into  a  chain  termination  reaction.  Inhibition 

could  also  be  caused  by  association  of  the  HC1  molecules  in  the 

more  concentrated  HC1  solutions.  The  rate  of  reaction  c-C^H, , 

6  11 

radicals  with  free  HC1  would  probably  be  faster  than  with  hydrogen- 
bonded  HC1 .  The  nmr  absorption  frequency  of  the  HC1  proton  was  ob¬ 
served  to  shift  to  lower  i-values  as  the  HC1  concentration  was  in¬ 
creased.  This  confirms  that  the  amount  of  association  increases 
with  increasing  HCl  concentration. 

If  chain  termination  occurred  by  the  reactions 
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[70]  2  c-C^-H.^  -*■  products 

[71]  Cl  +  products 

[72]  2  Cl  +  M  ->  Cl2  +  M 

0  5 

the  rate  of  exchange  should  have  varied  as  (dose  rate)  *  . 
However,  the  rate  of  reaction  varied  approximately  as  (dose 
rate)'*'*^  (Fig.  III-27)  .  This  is  probably  due  to  inhibition 
of  the  reaction  by  a  trace  of  impurity,  which  is  often  ob¬ 
served  in  long  chain  processes  (88). 

The  inhibition  caused  by  carbon  tetrachloride  (Table 
III-VII)  can  be  explained  by  reactions  [73]  and  [74]  . 

[73]  c_C6H11  +  CC14  c_C6H11C1  +  CC13 

[74]  CC13  +  c-C6H12  +  CC13H  +  c_C6Hii 

CC13  is  evidently  a  less  efficient  chain  carrier  than  is 
c-C^H^  and  the  chain  length  is  shortened. 

CDC13  is  a  less  efficient  inhibitor  than  is  CCl^  because 
the  former  is  a  less  efficient  chain  transfer  agent  than  is 
the  latter  ( 89) . 

The  exchange  of  hydrogen  between  G-cgDj_2  ancl  HC^  occurs 
five  times  more  efficiently  in  neo-hexane  solvent  than  it 
does  in  n-hexane  solvent  (Table  III-XVIII) .  This  is  consis¬ 
tent  with  the  proposed  free  radical  mechanism  if  the  Cl 
atoms  react  predominantly  with  secondary  hydrogens  on  the 
hydrocarbons . 


[75] 

Cl  +  CH3CH2CH2CH2CH2CH3 

->  HC1  +  sec-C^H,  , 

6  11 

[76] 

Cl  +  C(CH3) 3CH2CH3 

+  HC1  +  C(CH3)3CHCH 
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The  number  of  secondary  hydrogens  on  a  n-hexane  molecule  is 
four  times  as  great  as  the  number  on  a  neo-hexane  molecule. 

O 

Photolysis  of  DC1  by  the  1847  A  mercury  line  or  of 
by  visible  light  produces  atoms  which  initiate  the  chain  ex¬ 
change  reaction.  The  Cl  atoms  undergo  reaction  [67]  and  the 
D  atoms  also  react  to  produce  cyclohexyl  radicals. 

One  would  not  expect  a  free  radical  chain  exchange  reac¬ 
tion  to  occur  between  c-C^H.. _  and  DI,  D„S  or  ND,,  because  of 

6  12  2  3 

the  inefficiencies  of  the  endothermic  propagation  steps 


[77] 

I 

+ 

C-C6H12  + 

HI  +  c-C^H. , 

6  11 

[78] 

DS 

+ 

C-C6H12  - 

HDS  +  c-CrH, , 

6  11 

[79] 

c-C 

6H 

11  +  ND3  + 

C-C/-H,  ,  D  +  ND~ 
6  11  2 

No  chain  exchange  reaction  was  observed  in  these  systems. 

All  the  experimental  results  are  thus  consistent  with 
the  suggestion  that  the  hydrogen  exchange  between  cyclo¬ 
hexane  and  hydrogen  chloride  occurs  by  a  free  radical  chain 
mechanism. 

Deuterated  polar  compounds  have  been  (35,  37)  and  are 
currently  being  used  as  ion  scavengers  in  radiolysis  systems. 
The  amount  of  ion  scavenging  that  occurs  is  estimated  from 
the  yield  of  HD  or  of  produced  during  radiolysis.  This 
study  illustrates  the  necessity  to  be  aware  of  the  possibility 
of  exchange  reactions  in  these  systems.  It  can  be  concluded 
that  exchange  reactions  did  not  invalidate  the  results  obtained 
by  using  ND^  or  D2S  (35,37). 
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